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Prespore-specific gene expression 

in Bacillus subtilis is driven 

by sequestration of SpoIIE phosphatase 

to the prespore side 

of the asymmetric septum 
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The spoIIE gene is essential for the compartment-specific activation of transcription factor o* F during 
sporulation in Bacillus subtilis. SpoIIE is a membrane protein that is targeted to the potential sites of 
asymmetric septation near each pole of the speculating cell. The cytoplasmic carboxy-terminal domain of 
SpoIIE contains a serine phosphatase that triggers the release of cr F in the prespore compartment after 
septation. To understand how septum-located SpoIIE is activated selectively in the prespore, we examined the 
distribution of a SpoIIE-GFP fusion protein. We show that the polar bands of SpoIIE protein actually form 
sequentially and that the most prominent band develops at the pole where the prespore forms. We also show 
that the protein is sequestered to the prespore side of the asymmetric septum. Sequestration of SpoIIE into the 
prespore compartment provides a mechanism that could explain the cell specificity of o* F activation. 
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The onset of sporulation of Bacillus subtilis is marked 
by the formation of the asymmetric septum, which di- 
vides the sporulating cell into a small prespore and a 
large mother cell. Soon after formation of the asymmet- 
ric septum, new transcriptional activities directed by cr 
factors a F and cr E appear (for review, see Errington 1993; 
Stragier and Losick 1996). a F becomes active specifically 
in the prespore and initiates the prespore program of de- 
velopmental gene expression. It also directs a signal 
across the septum, which leads to activation of cr E in the 
mother cell. Mutations in several genes affect the mor- 
phology of sporulation in ways that can be used to probe 
the regulation of a F and cr E . Thus, mutations in the 
spoIIG operon (encoding o E and its regulator) lead to se- 
quential formation of two prespore-like cells, at opposite 
poles of the parent cell, in both of which a F becomes 
activated (Piggot and Coote 1976; Lewis et al. 1994). Mu- 
tations in the spoIHE gene interfere with segregation of 
the prespore chromosome (Wu and Errington 1994). In 
the absence of SpoIIIE protein, only a segment compris- 
ing about one-third of the chromosome, centered ap- 
proximately on oriC, enters the prespore compartment, 
leaving the remaining two-thirds of the chromosome in 
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the mother cell. Therefore, mutations in spoIIIE affect 
cr F -directed gene expression in a manner dependent on 
chromosome position (Wu and Errington 1994, 1998). 
Also, null mutations in spoIIIE result in aberrant release 
of a F activity in the mother cell, for reasons that are not 
yet understood (Wu and Errington 1994). 

a 1 is made before asymmetric septation, together with 
two coordinately expressed regulatory proteins, SpoIIAA 
and SpoIIAB (for review, see Errington 1996; Stragier and 
Losick 1996). At first, a F is held in an inactive complex 
by the anti-a factor SpoIIAB (Duncan and Losick 1993; 
Min et al. 1993; Alper et al. 1994). The anti-anti-a factor 
SpoIIAA is also maintained in an inactive state by the 
kinase activity of SpoIIAB, which phosphorylates it on a 
specific serine residue (Min et al. 1993; Diederich et al. 
1994; Najafi et al. 1995; Magnin et al. 1996). After asym- 
metric septation, ct f remains inactive in the mother cell, 
as in the preseptational cell, but in the prespore it is 
released from SpoIIAB (Margolis et al. 1991; Lewis et al. 
1996). This release is triggered by SpoIIE. a membrane- 
bound phosphatase, which dephosphorylates SpoIIAA-P 
and allows it to bind SpoIIAB, thereby releasing cr F (Dun- 
can et al. 1995; Arigoni et al. 1996; Feucht et al. 1996; 
Magnin et al. 1997). Thus, SpoIIE plays a critical role in 
the regulation of cr F . 

SpoIIE protein is synthesized soon after the initiation 
of sporulation, before asymmetric septation (Guzman et 
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al. 1988). Arigoni et al. (1995) reported that the protein is 
localized initially in a bipolar pattern, with bands (prob- 
ably corresponding to circumferential rings of protein) 
located close to but not at both poles of the predivisional 
cell. Asymmetric septation then takes place at the site of 
one of the bands. Subsequently, the prespore-distal band 
disappears and the prespore-proximal SpoIIE protein, 
which presumably triggers activation of a F in the pre- 
spore, is retained. Eventually the prespore-proximal 
SpoIIE band also disappears. A crucial question that 
remains, however, concerns how the septum-lo- 
cated SpoIIE phosphatase selectively dephosphorylates 
SpoIIAA-P in the prespore but not in the mother cell. 
The asymmetric septum consists of two membranes 
flanking a thin layer of wall material (Illing and Erring- 
ton 1991). As the septum forms, the SpoIIE protein, 
which is anchored to the membrane through its amino- 
terminal hydrophobic domain (Barak et al. 1996), could 
become equally distributed on both faces of the septum. 
Localized activation of a F could then occur as a result of 
the relatively higher concentration of the phosphatase in 
the small prespore compared with the much larger 
mother cell compartment (Duncan et al. 1995). Alterna- 
tively, there could be selective inactivation or degrada- 
tion of the SpoIIE protein on the mother cell face of the 
septum, A third possibility is that the SpoIIE protein is 
sequestered specifically onto the prespore side of the 
asymmetric septum as it forms (Feucht et al. 1996). Bio- 
chemical fractionation experiments (Barak et al. 1996) 
have shown that most of the SpoIIE protein eventually 
associates with the prespore, but these experiments can 
only address the localization of the protein in completely 
engulfed prespores, long after the protein acts on septa- 
tion and ct f activation. 

To better understand the mechanism by which the 
compartmentalization of ct f activity and, therefore, cel- 
lular asymmetry is established, we have re-examined the 
distribution of the SpoIIE protein tagged with green fluo- 
rescent protein (GFP). Previous studies have established 
that GFP fusions provide a convenient and accurate 
means of determining the subcellular localization of pro- 
teins in bacteria (see, e.g., Glaser et al. 1997), although it 
is important to establish that the fusion protein func- 
tions normally. With a fully functional SpoIIE-GFP fu- 
sion we show first that the two polar SpoIIE bands (rings) 
form sequentially, suggesting that the limited availabil- 
ity of a component of the machinery required for septa- 
tion could be responsible for the formation of only one 
asymmetric septum. We also show directly that the 
SpoIIE phosphatase is sequestered to the prespore side of 
the septum when it forms. This sequestration could ex- 
plain the localized activation of a F in the prespore com- 
partment. 

Results 

Construction and characterization of a spoIIE-gfp 
fusion strain 

To examine the distribution of the SpoIIE protein, we 
constructed a plasmid carrying an in-frame spoIIE-gfp 



fusion, which would allow easy introduction of the fu- 
sion onto the B. subti]is chromosome by Campell-like 
recombination. A previously described SpoIIE-GFP 
strain (Arigoni et al. 1995) showed reduced sporulation 
efficiency, suggesting that the fusion protein is not fully 
functional. Cormack et al. (1996) have reported the deri- 
vation of mutant forms of GFP with improved folding 
properties and brightness. Therefore, we fused the SpoIIE 
protein to such a mutant GFP. Sporulating cells of the 
wild-type strain SG38 and the spoIIE-gfp derivative 
(strain 1305) showed similar frequencies of asymmetric 
septation at 80 min after initiation of sporulation (t 80 ) 
(46% and 45%, respectively) and spore formation at t 4Z0 
(84% and 82%, respectively), suggesting that the fusion 
protein is fully functional. We also examined the fusion 
protein by Western blot analysis using both anti-SpoIIE 
and anti-GFP antibodies. Figure 1 shows that the time 
courses for production of SpoIIE or SpoIIE-GFP proteins 
were similar for both strains. In some experiments a 
faint fast migrating band that cross-reacted with anti- 
SpoIlE but not anti-GFP antibody could be detected from 
cultures of strain 1305. This band migrated at the same 
position as untagged SpoIIE protein and seemed to appear 
as early as t 60 (broken arrow in Fig. 1). Because no free 
GFP protein was detected at this time (see below and Fig. 
2A), this fast migrating band could be SpoIIE without the 
GFP tag, formed by a low level of translational arrest 
before the gfp coding sequence. Alternatively, it could be 
attributable to a low level of cleavage of the fusion pro- 
tein, in which case the free GFP protein must either have 
been degraded or be present in quantities too low to be 
detected by Western blot analysis. 
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Figure 1. Accumulation and stability of SpoIIE and SpoIIE- 
GFP in sporulating cells and protoplasts. (*4) Whole cell extracts 
of sporulating wild-type strain SG38 and the spol/E-g/p-carry- 
ing strain 1305, taken at the times indicated, were analyzed by 
Western blot using anti-SpoIIE antibodies. (£) To demonstrate 
that protoplasting does not change the degradation pattern of 
SpoIIE-GFP, cells of strain 1305 were collected and protoplasted 
at t 90< then treated in various ways before being subjected to 
Western blot analysis using anti-SpoIIE antibodies (lanes l-3\ or 
monoclonal anti-GFP antibody (lane 4). The protoplasts were 
treated as follows: (lane J) pelleted and frozen immediately; left 
for 30 min (lanes 2,4) at room temperature or (lane 3) on ice. 
then pelleted and frozen. The positions of SpoIIE and SpoIIE- 
GFP are indicated by solid arrows. The broken arrow indicates 
the position of a faster migrating band that cross-reacted with 
anti-SpoIIE, possibly representing near full-length SpoIIE with- 
out the GFP tag. 
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Figure 2, Time course of SpoIIE/SpolIE-GFP degradation dur- 
ing sporulation. Whole cell extracts from sporulating cells were 
loaded on a 10% SDS-polyacrylamide gel and analyzed by West- 
ern blot using monoclonal anti-GFP antibody. Samples were 
prepared from the following strains: (A) 1305 [spoUE-gfp): 
(B) \2\\{spoIIE-gfp spoIIGA::aph-A%; (Q 1210 {spoUE-gfp 
spoIHE604). Samples were taken and prepared as described in 
the legend to Fig. 1 . The positions of full-length SpoIIE-GFP and 
the major SpoIIE-GFP degradation product are indicated by 
solid and broken arrows, respectively. 



lation and illustrating different patterns of SpoIIE-GFP 
localization. Cells with "1 band" were further divided 
into those exhibiting a weak straight band and those 
with a curving band. The curved bands were only ob- 
served at later time points, and we assume that they 
represent cells at a much later stage of development, 
either undergoing or having completed engulfment. The 
developmental stages of the cells were defined more pre- 
cisely by staining the cells with DAPI to reveal their 
nucleoid morphology (Fig. 3B,D,F). It is clear from the 
images that in early samples (t 70 ), probably before or dur- 




When the cultures of strain 1305 were probed with 
anti-GFP antibody, a small band of expected size for the 
GFP protein alone began to be detected from about t 105 
(Fig. 2A). Formation of this band was greatly reduced in 
spoIIG and spoIIIE mutants (Fig. 2B,C). This proteolytic 
cleavage probably corresponds to developmentaily regu- 
lated degradation of SpoIIE. Pogliano et al. (1997) showed 
that disappearance of the prespore-distal SpoIIE band was 
blocked by mutations in these genes. Although this de- 
velopmental degradation of SpoIIE generates free, and 
thus untargeted, GFP, this should not affect interpreta- 
tion of the results described below because it is not 
formed until well after a F and a E become active. 



Kinetics of SpoIIE ring formation 

Previous observations based on immunofluorescence 
microscopy suggested that SpoIIE bands form initially at 
both poles of the sporulating cell and that later they 
break down sequentially, first at the prespore-distal pole 
(Arigoni et al. 1995). When we looked at early sporulat- 
ing cells containing the new spoIIE-gfp fusion, we were 
surprised to find that many cells had a single SpoIIE band 
(90% of the cells with localized SpoIIE at t 70 . and 67% at 
t go ), or a bipolar pattern with one bright and one weaker 
band. Similar results were obtained with immunofluo- 
rescence microscopy (data not shown). At such an early 
stage of sporulation, it seemed unlikely that this was 
attributable to developmental degradation (i.e., loss of 
one band). Therefore, we examined the kinetics of the 
SpoIIE band formation in greater detail, using both live 
and fixed sporulating cells. Figure 3 shows examples of 
fields of cells of the wild type at different times of sporu- 




Figure 3. SpoIIE band formation and development. Strains car- 
rying the spoUE-gfp fusion were induced to sporulate, and live 
DAPI-stained cells were examined by fluorescence microscopy. 
{A.B) Wild-type (1305) cells at t 70 : (CO) wild-type cells at t, 05 ; 
(E,f) spoIIG spoIIIE double mutant (strain 1213) at f 90 . (A,C,£) 
Localization of SpoIIE-GFP; (B,D,F) DAPI images showing the 
■ nucleoids of cells in the same fields as in A, C, and E, respec- 
tively. {Of Examples of celts without SpoIIE bands; (/) cells with 
one relatively weak and straight band, corresponding to cells 
that have not started to engulf; (J") cells with one strong and 
curving fluorescent band, corresponding to cells undergoing or 
having completed engulfment; (2) cells with two SpoIIE bands. 
Arrows point to the asymmetric septa in cells that have not yet 
completed transfer of the prespore chromosome. Scale bar. 2.5 pM. 
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ing asymmetric septation, often only one very weak 
SpoIIE band could be observed in each sporulating cell. In 
most of these cells (e.g.. arrowed cells in Fig. 3A-D), the 
band was at the position of a constriction in the DNA, 
which corresponds to the site of a nascent asymmetric 
septum. In slightly later samples, cells with two bands 
could be observed, with one band brighter than the other 
(Fig. 3C.D). These cells generally showed a completely 
condensed prespore nucleoid, indicating that they had 
formed a septum and completed transfer of the prespore 
chromosome. Later still, cells with a visible prespore- 
distal band became less prevalent. 

To confirm that the observation of single SpoIIE bands 
in early sporulating cells was not attributable to degra- 
dation in cells that initially had two bands, we examined 
cells of a spoIIG spoJUE double mutant, in which devel- 
opmental degradation is abolished (Pogliano et al. 1997; 
see above). As shown in Figure 3, cells with a single band 
at the site of nascent septation were readily detected in 
this mutant background. Therefore, we conclude that 
the polar bands of SpoIIE protein are generally formed 
sequentially, first appearing at the pole where the pre- 
spore septum forms. 



Sequestration of SpoIIE phosphatase to the prespore 
side of the asymmetric septum 

To examine the distribution of the SpoIIE phosphatase, 
we treated sporulating cells of strain 1305 with lyso- 
zyme. Treatment with lysozyme would digest away the 
thin peptidoglycan layer~between the prespore and the 
mother cell membranes (before engulfment), as well as 
protoplasting the prespore and the mother cell. There- 
fore, upon protoplasting the distance between the pre- 
spore and the mother cell could be increased and it 
should be possible to distinguish between one-sided and 
two-sided distributions of the SpoIIE protein, as illus- 
trated schematically in Figure 4A.B. Figure 4C-F shows 
the distribution of SpoIIE-GFP in protoplasted sporulat- 
ing cells either just before (CD) or just after (E,F) a F 
becomes active (t 85 and t J00 , respectively). Both samples 
were thus taken before developmental degradation of 
SpoIIE begins. The images show clearly that in both 
samples the SpoIIE-GFP signal was concentrated, often 
as a spot, in the prespore. The mother cell showed a 
weak signal throughout the cell. Weak, evenly distrib- . 
uted signals were also detected in mother cells of live 
(untreated) cultures from different times of sporulation, 
before and after developmental degradation of SpoIIE 
could be detected (Fig. 3A,C; data not shown), suggesting 
that this weak mother cell signal primarily came from 
cleaved (see above) or untargeted SpoIIE-GFP. 

To check that the protoplasting procedure did not 
cause degradation of SpoIIE-GFP, we treated some sporu- 
lating wild-type cells at t 90 to make protoplasts, then 
either pelleted and froze the protoplasts immediately, or 
left them on ice or at room temperature for 30 min before 
pelleting them. The samples were then analyzed by 
Western blot using both anti-SpoIIE and anti-GFP anti- 
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Figure 4. Localization of SpoIIE-GFP in protoplasted cells 
from sporulating cultures just before and after cr F becomes ac- 
tive. {A,B) Schematic illustration of the consequences of treat- 
ment of {A) wild-type and {B} spoIIG mutant cells with lyso- 
zyme to make protoplasts. Removal of the cell wall material 
(shaded) allows the prespore (P), mother cell (M), or central (C) 
compartments to enlarge and round off and separate, allowing 
the fate of GFP initially located at the site of the thin division 
septum to be resolved. The remaining panels show images of 
typical cells. (C-fl Wild type (strain 1305); (G-J) spoIIG spoIIIE 
double mutant (strain 1213); {K.Q spoIIG mutant (strain 121 1). 
[C, D.G.Hi Cells at an early stage of sporulation (f 85 ). just before 
activation of a F . {E.FJ-L) Cells at slightly later stages of sporu- 
lation (t 100 ). just after <r F becomes active. [C,E,GJ,K) Fluo- 
rescence images showing the distribution of SpoIIE-GFP; 
{D.F.HJ.D phase-contrast images of same fields as C, E, G, I, 
and K. respectively. (/V) Nonseptate cell. Arrows point to some 
of the SpoIIE spots in the mother cell protoplasts. Scale bar, 
2.5 pM. 



bodies. As shown in Figure IB, no degradation products 
could be detected even 30 min after the protoplasts were 
incubated at room temperature. This suggests that the 
fusion protein survived the protoplasting procedure and 
remained stable for a considerable period at room tem- 
perature. This excluded the possibility that the weak sig- 
nal in the mother cell could be attributable to degrada- 
tion of the fusion protein caused by the protoplasting 
procedure. 

In the mother cell protoplast sometimes a small SpoIIE 
spot could also be detected at the pole opposite to the 
prespore (arrows in Fig. 4C), but no concentrated signals 
were seen on the face of the mother cell near to the 
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- prespore. Presumably the prespore-distal SpoIIE spots 
were from the prespore-distal bands. The presence of 
these spots in some mother cell protoplasts suggested 

. that the prespore-distal SpoIIE band did not always dis- 
assemble during protoplasting. However, to examine 
this further, as well as to exclude the possibility that 
SpoIIE did exist on the mother cell face but disassembled 
during protoplasting, we took advantage of a spoIIG 
spoIIIE double mutant. Western blot analysis showed 
that in both the spoIIG and the spoIIIE single mutants, 
developmental degradation of SpoIIE was greatly reduced 
or delayed (see Fig. 2). Pogliano et al. (1997) also reported 
that a spoIIG spoIIIE double mutant produces elevated 
levels of SpoIIE and has stable persistent SpoIIE bands at 
both poles. Therefore, if SpoIIE did exist on the mother 
cell face of. the asymmetric septum and was disas- 
sembled upon protoplasting, the central compartment of 
the double mutant would be expected to show a stronger 
GFP signal, derived from two bands of SpoIIE rather than 
one. As shown in Figure 4G-J. this was not the case; the 
signal in the central compartment was actually much 
weaker than that observed in the mother cell of the wild- 
type cells. Furthermore, no SpoIIE spots could be ob- 
served in the central compartments. To check that the 
distribution pattern of the SpoIIE protein observed in the 
spoIIG spoIIIE double mutant was not attributable to 
some special effect of the spoIIIE mutation, we also ex- 
amined the distribution of SpoIIE-GFP in a spoIIG single 
mutant (strain 1211) and obtained similar distribution 
patterns as in the double mutant (Fig. 4K,L). These re- 
sults strongly suggest that there is no SpoIIE protein on 
the mother cell face of the completed asymmetric sep- 
tum. 

Genetic evidence for sequestration of SpoIIE 
to the prespore face of the asymmetric septum 

Previously we reported that spoIIIE null mutants have 
<j F activity in the mother cell compartment (Wu and Er- 
rington 1994). Studies by Pogliano et al. (1997) showed 
that the prespore-distal SpoIIE band persists in a spoIIIE 
null mutant and thus that the activation of cr F in the 
mother cell of this mutant could be attributable to per- 
sistence of the SpoIIE band in the mother cell. If the 
SpoIIE protein were distributed on both sides of the 
asymmetric septum, rather than being restricted to the 
prespore side, one would expect that a F would also be- 
come active in the central compartment of spoIIG 
spoIIIE double mutants, in which both SpoIIE bands per- 
sist. To test this we examined the expression of a a F - 
dependent gpr-lacZ fusion in the central compartment 
during sporulation of the double mutant. spoIIIE muta- 
tions block prespore chromosome translocation and the 
gpr locus lies in the part of the chromosome that is ex- 
cluded from the prespore (Wu and Errington 1994). As 
shown in Figure 5, the reporter gene was expressed in 
both the spoIIG and spoIIIE single mutants, but not in 
the spoIIG spoIIIE double mutant. When the reporter 
gene was moved to the prespore-located amyE locus it 
became highly expressed in the double mutant, suggest- 
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Figure 5. Absence of o F activity from the centra! compartment 
of a spoIIG spoIIIE double mutant. Various strains carrying a 
(/-dependent gpr-lacZ fusion located at the gpr locus 
(::pPSl 395) or at amyE (::pPS!326) were induced to sporulate 
and (3-galactosidase was assayed, (•) Wild-type strain 
SG38::pPSl395; (A) spoIIG spoIIIE double mutant with the fu- 
sion located at the gpr locus (919::pPSl 395); (A) spoIIG spoIIIE 
double mutant with the fusion located at the amyE locus 
(9l9::pPSl326); (O) spoIIG single mutant 901 ::pPSl 395; (D) 
spoIIIE single mutant 604.6:;pSG 1 395. 



ing that ct f is active in the prespores in this mutant. This 
clearly demonstrates that in the double mutant a F activ- 
ity is restricted to the prespores despite the presence of 
the spoIIIE mutation. Again these results would be con- 
sistent with SpoIIE being sequestered to the prespore 
face of the asymmetric septum. 

Discussion 

Previous work showed that the SpoIIE protein localizes 
in bands at the potential sites of asymmetric septation 
near each pole early in sporulation (Arigoni et al. 1995). 
Localization at these sites was likely to play an impor- 
tant role in SpoIIE function because the protein is re- 
quired for both formation of the asymmetric septum and 
for activation of a F in the polar compartment once 
formed (Barak and Youngman 1996; Feucht et al. 1996). 
Now we have used a fully functional spoIIE-gfp fusion to 
examine SpoIIE band formation, development, and deg- 
radation in more detail. The results obtained from ob- 
servations of wild-type and mutant strains are summa- 
rized in schematic form in Figure 6A. 

Sequential formation of SpoIIE bands 

In previous work, mainly on the basis of immunofluo- 
rescence microscopy (Arigoni et al. 1995), it was reported 
that SpoIIE assembles initially in a bipolar pattern. We 
were surprised to find that when cells containing the 
SpoIIE-GFP fusion were examined early in sporulation. a 
monopolar pattern was predominant. Thus, at t 7Q when 
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Figure 6. Schematic summary of the local- 
ization of SpoIIE protein in wild-type and 
mutant cells (A) and possible models for 
sequestration of SpoIIE to the prespore com- 
- partment [B.Q. (A) 1 represents a presepta- 
tional cell soon after the initiation of sporu- 
lation; open arrowheads indicate the poten- 
tial sites for asymmetric septation close to 
each pole. o f is present throughout the cy- 
toplasm but in an inactive state (indicated 
by outline text). SpoIIE protein (O) then be- 
gins to be made [2] and is localized initially 
in a band at the polar septation site where 
the asymmetric septum will be formed, pre- 
sumably by association with a component 
of the division apparatus. When the septum 
has formed (3) the SpoIIE protein is seques- 
tered specifically into the membrane on the 
prespore side, and a second band of SpoIIE 
starts to appear at the prespore-distal poten- 
tial division site. Sequestration of most of 

the cellular SpoIIE into the small prespore compartment results in activation of a F (boldface type). In wild-type cells SpoIIE in the 
mother cell is then degraded (4), probably as a result of activation of a c and synthesis of one or more proteases encoded by genes 
controlled by the new form of RNA polymerase. In spoIIIE mutants (5). the second SpoIIE ring persists in the mother cell, leading to 
aberrant activation of a r in that compartment. In spoIJC single or spoIIC spoIIIE double mutant (6), the absence of a E allows the 
second polar septum to form. The second SpoIIE ring is thus sequestered into its prespore, leaving the central compartment devoid of 
SpoIIE, and hence preventing a p from being activated in this compartment. (£f) SpoIIE protein localizes initially to the site of incipient 
septation. As the septal annulus closes, flux of membrane lipid from the large compartment (where the bulk of new lipid synthesis 
could conceivably take place) drives the membrane-bound SpoIIE protein into the prespore compartment. (Q The SpoIIE band forms 
just to the polar side of the division site, so that as the septum forms the protein is captured by the prespore. 
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only the first few cells have formed an asymmetric sep- 
tum, and long before developmental degradation of 
SpoIIE could be detected (Fig. 2), most such cells had 
only one prominent band, at the position of the septum 
(Fig. 3). The polar constriction in the DNA of these cells 
shows that they had just formed a septum but had not 
yet translocated the whole of the prespore chromosome 
into the small compartment and thus had not yet acti- 
vated cr F (Partridge and Errington 1993; Lewis et al. 
1994). In later samples, the majority of cells did have two 
SpoIIE bands, but such cells were generally at a later 
stage of development, with a completely segregated pre- 
spore chromosome {Fig. 3). Eventually, as reported pre- 
viously (Arigoni et al. 1995), the SpoIIE bands disap- 
peared, first from the prespore-distal pole. Presumably, 
this reflects the developmental degradation of the pro- 
tein seen in the Western analysis from about r, 05 (Fig. 2). 
We conclude, particularly from the analysis of cells in 
the early samples, that SpoIIE band formation occurs se- 
quentially, rather than in a simultaneous bipolar man- 
ner. Because targeting of SpoIIE to these bands requires 
interaction with one or more components of the division 
apparatus (Levin et al. 1997), the differential develop- 
ment of the SpoIIE bands probably reflects differential 
assembly of the division apparatus at the two poles. This 
would accord well with the previous finding that in dis- 
pone mutants, the second asymmetric septum is formed 
about 15 min later than the first one (Lewis et al. 1994). 
Taken together, these observations are consistent with 
the notion that the choice of pole for formation of the 



prespore septum is attributable to the limited availabil- 
ity of one or more components of the division apparatus 
(Lewis et al. 1994). Moreover, the finding that in many 
cells, most of the SpoIIE protein is located at the pole 
where septation occurs, accords with its proposed role in 
modification of the form of the sporulation septum fil- 
ling and Errington 1991). 

Sequestration of SpoIIE protein to the prespore-face 
of the asymmetric septum 

Both direct microscopic observations and indirect ge- 
netic experiments suggested that after formation of the 
asymmetric septum, the SpoIIE protein in the band 
marking the site of impending septation is sequestered 
into the prespore compartment. Microscopic examina- 
tion of whole living cells did not provide sufficient reso- 
lution to be able to distinguish between localization on 
one or both sides of the septum. However, treatment 
with lysozyme. leading to formation of protoplasts, re- 
sulted in expansion of the space between the septal 
membranes of the prespore and mother cell, and revealed 
a strong enrichment of the SpoIIE-GFP in the prespore 
compartment. In many of the treated cells, especially 
those in which protoplasting was only partial (e.g.. Fig. 
4C). the SpoIIE-GFP signal remained highly concen- 
trated, as in the bands of untreated cells, and the concen- 
trated spots were clearly associated with the prespore. 
rather than with the mother cell. Control experiments 
showed that the background fluorescence associated 
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with the mother cell was probably not. attributable to 
degradation of the fusion protein (at least in the early 
samples). Probably, it represents untargeted protein, as a 
diffuse background signal was generally visible in the 
living untreated cells (Fig. 3). 

The conclusion that SpolIE becomes sequestered into 
the prespore was reinforced by examination of spoIIC 
mutant cells. These mutant studies were useful for two 
reasons. First. spoIIG mutants form a second prespore- 
like cell at the opposite pole of the cell (see above), there- 
fore, the SpolIE protein associated with the prespore-dis- 
tal band should either remain partly associated with the 
central compartment, or be sequestered into the second 
prespore leaving only a low background signal in the 
central compartment. Second, as shown previously by 
Pogliano et al. (1997), the prespore-distal SpolIE band 
persists in spoIIG mutants (and both bands in spoIIG 
spoIIIE double mutants), therefore, SpolIE localization 
after septation should be more readily evident in these 
mutants than in the wild type. Microscopic examination 
of such mutants showed strong signals in the prespore 
protoplasts but not in the central compartment, strongly 
supporting our contention that the SpoIIE-GFP from the 
polar bands is sequestered to the membrane of the pre- 
spore compartment after septation (see Fig. 6A). 

The dispone phenotype of spoIIG mutants also pro- 
vided an indirect genetic test for sequestration of SpolIE 
protein to the prespore side of the septum. If sequestra- 
tion results in removal of most of the SpolIE phosphatase 
activity from the central compartment, cr F should not 
become active there. Although the central compartment 
of these mutants is normally devoid of DNA and thus 
would not normally contain a cr F -dependent reporter 
gene, it was possible to test activity in this compartment 
by use of a spoIIIE mutation, which results in most of 
the chromosome failing to .be segregated into the pre- 
spore compartment (Wu and Errington 1994; Wu et al. 
1995). As shown in Figure 5, in a spoIIG spoIIIE double 
mutant, strong a F activation was detected with a re- 
porter gene segregated into the prespore compartment 
but not with the same reporter positioned in the central 
compartment. Although this result strongly supports the 
sequestration of SpolIE protein out of the central com- 
partment and into the polar ones, interpretation of the 
data is made slightly complicated by the 15- or 20-min 
delay between formation of the first and second polar 
septa in spoIIG mutants (Lewis et al. 1994). The absence 
of detectable a F activity in the large (later central) com- 
partment of the double mutant suggests that a F does not 
become active in the interval before the second septum 
forms. The notion that aberrant a F activation in the large 
compartment of spoIIIE null mutants is delayed would 
be consistent with the lacZ fusion data; for example, the 
open squares versus open triangles in Figure 5 (also L.J. 
Wu, P.J. Lewis, and J. Errington, unpubl.). Unfortunately, 
we do not yet understand the molecular basis for mother 
cell activation of a F in spoIIIE null mutants and this 
aspect of the mutant phenotype may be a misleading, 
indirect consequence of the unbalanced genetic and 
physiological state of the cells. Nevetheless. in results to 



be presented elsewhere, we have found that dephos- 
phorylation of SpoIIAA (attributable to SpolIE activity) 
occurs predominantly in the prespore compartment of 
disporic spoIIG mutant cells, even in the absence of the 
complicating spoIIIE mutation (P.J. Lewis and J. Erring- 
ton, unpubl.). Therefore, we conclude, on the basis of 
both direct and indirect evidence, that formation of 
the asymmetric septum results in sequestration of 
SpolIE protein onto the prespore face of the asymmetric 
septum. 

How might sequestration of SpolIE to the prespore face 
of the septum be achieved? One possibility would be for 
the SpolIE protein to be transferred through the septum 
as it forms (Fig. 6B). As we suggested previously (Feucht 
et al. 1996), the asymmetric positioning of the septum 
probably results in a net influx of membrane lipid 
through the septal annulus as it constricts. Transport of 
the SpolIE protein could be driven by this flux. Alterna- 
tively, it is possible that the SpolIE ring is slightly offset 
from the division apparatus, toward the pole, so that 
when the septum forms, the topology dictates that 
SpolIE becomes trapped in the prespore (Fig. 6C). Our 
present methods do not provide sufficient resolution to 
distinguish between the relative positions of SpolIE and 
other proteins that contribute to formation of the sep- 
tum, such as FtsZ, before septation. 

Whatever the mechanism of sequestration, our finding 
that the strongest SpolIE band tends to lie at the pole 
where prespore septation takes place, means that most of 
the cellular SpolIE is trapped in the small prespore com- 
partment after septation. The resultant high concentra- 
tion of SpolIE in the prespore conceivably could provide 
the trigger for a F activation by overwhelming the oppos- 
ing kinase reaction that maintains the inhibitory state 
(see introductory section). It could also provide a simple 
explanation for the dependence of a F activation on for- 
mation of the septum (Levin and Losick 1994). 

Materials and. methods 

Bacteria! strains and plasm ids 

The bacterial strains and the plasmids used in this study are 
listed in Table 1. Plasmid pSGl 151 (P.J. Lewis, unpubl.) is a 
derivative of pSG 1 1 37 (Lewis and Errington 1996) with an ad- 
ditional mutation (F64L) in the gfp gene (Cormack et al. 1996). 
To make a new spoIIE-gfp fusion a 871 -bp fragment was am- 
plified by PCR from chromosomal DNA of CW314 (Arigoni et 
al. 1995), in which the 3' end of SpolIE was joined in-frame to 
gfp through a polylinker sequence. The PCR product was di- 
gested with HindlU and Mscl and the resulting 770 bp fragment 
was subcloned into Hindill-MscI-digested pSGl 151. The oligo- 
nucleotides used for the PCR were 5'CAGCTACAGCAT- 
CATGGACC-3' and 5'-ACTCACAACTGTTCCCCATCG-3'. 
Plasmid pSGl90l was constructed by cloning the 1571 -bp 
spoIIE fragment amplified from SG38 chromosomal DNA using 
PCR and digested with BamHI into pQE-30 (Qiagen), thereby 
fusing codon 325 of spoIIE in-frame with the polyhistidine- 
encoding sequence of pQE-30. The oligonucleotides used for 
PCR were 5'-ACCCCCATCCACCACCAAAGTCCCCAC-3' 
and 5'-CCCCATCCCATATATTCCCATCTTCCCCACAAC- 
3', wriich would create a BamHI site at each end of the PCR 
product. 
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. Table!. Bacterial strains and plasmids 



Strain/plasmid 



Relevant genotype 3 



Construction, source, or 
reference 



B. subtilis 
SG38 

CW314 
1305 



604.6 
901 
919 
1210 



121 1 



1213 



irpC2 amyE 

5po//£::pCW28 (spoIIE-gfp aph-A3) 

trpC2 amyE spol 1 E:;pSCl 902 (spoil E-gfpF64L S65T cat) 



trpCZ spolUE604 

trpC2Cl (spollGA.\aph-A3)901 

trpC2 spoil! E604 Cl (spollGA::aph-A3)90l 

trpC2 spoil IE604 spolIE: :pSG 1902 (spo!IE-gfpF64L S65T cat) 



trpC2Vi (spollGA::aph-A3)901 s po 11 E::pSGl 902 (spo!lE-gfpF64L S65T cat) 



trpC2 spolllE604 a (spoIIGA::aph-A3)901 spolIE: :pSG 1902 (spoJJE-gfpF64L 
S65T cat) 



E. coli 
DH5a 



V'endAl hsdRU supE44 \~thi-l recAl gyrA96 relAl &(iacZYA- 
argF)Ul69{4>S061ac) d(lacZ)Ml5 
MC1061 F'hsdR mcrB araDl39 A(araABC~leu)7679 gaiU galK £(lac)X74 rpsL thi 

NM554 (pREP4) VhsdR mcrB araDl39 A(araABC-leu)7679 galU galK A(lac)X74 rpsL thi 
recA!3 (pREP4) lad* 



Plasmids 
pSGHSl 
pSG 1901 
pSGl902 
P PS1395 



pPS!326 



bla cat gfpF64L S65T 

bla spolIE (973-2484) 

bla cat spolIE (m2-2AS\)-gfpF64L S65T 

gpr-lacZ in pJF751 



grp-lacZ in ptrpBG 1 



Errington and Mandelstam 

(!986) 
Arigoni et al. (1995) 
pSGl902 transformed into 

SG38. with selection for 

chloramphenicol resistance 
M. Deadman (unpub.) 
Wu and Errington (1994) 
Wu and Errington (1998) 
pSGl902 transformed into 

604.6, with selection for 

chloramphenicol resistance 
pSGl902 transformed into 901, 

with selection for 

chloramphenicol resistance 
pSGl902 transformed into 919, 

with selection for 

chloramphenicol resistance 

GIBCO BRL 

Meissner et al. (1987) 
pREP4 (Qiagen) transformed 

into NM554 of Raleigh et al. 

(1988) 

P.J. Lewis (unpub.) 
this paper 
this paper 

P. Setlow (University of 
Connecticut Health Center. 
Farmington) 

Sun and Setlow (1991) 



a Nurnbers in parentheses after spolIE refer to the first and last nucleotides of the insert from the spolIE coding sequence. 



Plasmids pSGl901 and pSGl902 were constructed using 
Escherichia constrains DH5a and MC1061. respectively. Both 
plasmids were sequenced to ensure that the cloned spolIE frag* 
ments did not contain any mutations. 

Growth media 

Nutrient agar (Oxoid) was used as a solid medium for growing B. 
subtilis. Chloramphenicol (5 ug/ml) or kanamycin sulfate (5 
pg/ml) were added as required. Media used for growing E. coli 
were 2* TY (Sambrook et al. 1989) and nutrient agar (Oxoid) 
supplemented with ampicillin (100 pg/ml) and kanamycin sul- 
fate (25 pg/ml) as necessary. 

General methods 

B. subtilis cells were made competent for transformation with 
DNA by the method of Anagnostopoulos and Spizizen (1961), as 
modified by Jenkinson (1983). B. subtilis chromosomal DNA 
was prepared by a scaled-down method based on the one de- 
scribed by Errington (1984). DNA manipulations and E. coli 
transformations were carried out using standard methods (Sam- 
brook et al. 1989). 



Induction of sporulation 

B. subtilis cells grown in hydrolyzed casein growth media at 
37°C were induced to sporulate by the resuspension method of 
Sterlini and Mandelstam (1969). as specified by Nicholson and 
Setlow (1990) and Partridge and Errington (1993). Times (min- 
utes) after resuspension of cells in the starvation medium were 
denoted t 0 , f 60 , r 75 . and so forth. p-Galactosidase activity was 
measured by the method of Errington and Mandelstam (1986). 
One unit of p-galactosidase catalyzes the production of 1 nmole 
of 4-methylumbelliferone per minute under the standard reac- 
tion conditions. 

Measurement of septum formation and sporulation frequency 

The frequency of asymmetric septation of strain 1305 and the 
wild-type strain SG38 were determined at f 80 , as described by 
Feucht et al. (1996). The sporulation frequency was determined 
by counting spores and total cells with a phase contrast micro- 
scope at t 420 . 

Antibodies and Western blots 

To raise antibodies against SpolIE the histidine-tagged. carboxy- 
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. terminal fragment of SpoIlE was overexpressed using plasmid 
pSG!90l in f. coli NM554 (pREP4) and the resulting insoluble 
fusion protein was purified as described in the Qiagen protocol. 
A rabbit polyclonal antiserum was raised by standard proce- 

- dures (Harlow and Lane 1988). For the purification of the anti- 
SpoIIE antibodies the truncated SpoIIE protein was further pu- 
rified by a Prep Cell (model 491, Bio-Rad) as described by the 
manufacturer. The antibodies were affinity purified as described 
by Reznekov et al. (1996) using 4.5 m MgCI 2 as eluant. The final 
purified antiserum was used at a dilution of 1:200 for Western 
blot analysis (Harlow and Lane 1988). Monoclonal anti-GFP an- 
tibody (Clontech) was used at a dilution of 1:1750 for Western 
blot analysis. The amount of protein samples loaded on SDS- 
PAGE for Western blot analysis was determined by a Bio-Rad 
protein assay. 

Protoplasting and fluorescence microscopy 

Samples of sporulating cultures were centrifuged to harvest the 
cells (at different times after induction of sporulation) and the 
cell pellet was resuspended quickly in about half volume of the 
original sample of 1 * SMM (0.5 M sucrose. 20 mM maleic acid: 
20 mM MgCl 2 (pH 6.5)] containing 4 mg/ml lysozyme, as de- 
scribed by Errington (1990). The mixture was mixed gently for 1 
min, then -1.5 pi was loaded onto a polylysine-treated micro- 
scope slide. For live cell examination, a 1.5-ul drop of fresh 
culture was placed directly onto a polylysine-treated micro- 
scope slide. For fixed cells, the conditions described by Harry et 
al. (1995) were used except that glutaraldehyde was reduced to 
0.005%. For either live or fixed cells or protoplasts, DAP1 solu- 
tion (1 ug/ml) was sometimes added directly onto the slides to 
visualize the nucleoids. Microscopic examination of GFP fluo- 
rescence and image grabbing was performed as described previ- 
ously (Lewis and Errington 1996). 
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Summary 

To investigate the cellular dynamics of ZAP-70, we have studied the distribution and regula- 
tion of its intracellular location using a ZAP-70 green fluorescent protein chimera. Initial ex- 
periments in epithelial cells indicated that ZAP-70 is diffusely located throughout the quiescent 
cell, and accumulates at the plasma membrane upon cellular activation, a phenotype enhanced 
by the coexpression of Lck and the initiation of ZAP-70 kinase activity. Subsequent studies in 
T cells confirmed this phenotype. Intriguingly, a large amount of ZAP-70, both chimeric and 
endogenous, resides in the nucleus of quiescent and activated cells. Nuclear ZAP-70 becomes 
tyrosine phosphorylated upon stimulation via the T cell receptor, indicating that it may have an 
important biologic function. 



The TCR has a multisubunit structure composed of the 
polymorphic ct(3 heterodimer, responsible for antigen 
recognition, and the invariant CD3 7. S, e, and TCR-£ 
subunits, required for receptor surface expression and signal 
transduction. Engagement of the TCR leads to a rapid rise 
in intracellular protein tyrosine phosphorylation, followed 
by a series of other biochemical events, eventually resulting 
in gene expression and effector function (for reviews see 
references 1,2). The earliest biochemical event after TCR 
occupancy appears to be the activation of the Src family 
protein tyrosine kinases (PTKs) 1 Lck and/or Fyn. These acti- 
vated kinases phosphorylate the various immunoreceptor 
tyrosine- based activation motifs (ITAMs) of the TCR (3, 4), 
providing binding sites for molecules containing SH2 do- 
mains capable of binding phosphotyrosine in the proper con- 
text (5). One such molecule is ZAP-70, also a PTK, which 
binds via its tandem SH2 domains to the two phosphoty- 
rosine residues of individual ITAMs (6, 7). Subsequent 
phosphorylation of ZAP-70 by Lck and/or Fyn induces its 
activation (3, 8, 9). Thereafter, a number of other signaling 
and adaptor molecules are phosphorylated and recruited to 
the activated TCR and ZAP-70, and may subsequently be 
activated (10). These include phospholipase C7I (PLC7I) 



1 Abbreviations used in this paper: cfb3. cytosollc fragment of erythrocyte 
band 3; GFP, green fluorescent protein; IF. immunofluorescence; IP. Im- 
munoprecipitation; IRP. iron regulatory protein; ITAM. immunorecep- 
tor tyrosine- based activation motif; KD. kinase dead; PTK, protein ty- 
rosine kinase; PV. pervanadate; NLS. nuclear localization signal: ROI. 
region of interest; RT. room temperature. 



(11, 12), the proto-oncogenes Vav and Cbl (13, 14), and 
SLP-76 and pp36 whose functions are still unknown (15). 
Thus, a multicomponent protein complex is formed at the 
TCR soon after activation, though the stoichiometry and 
kinetics of assembly of its components have remained largely 
unexplored. 

A critical role for ZAP-70 in the initiation of T cell sig- 
naling has been demonstrated by several lines of evidence. 
For example, disruption of ZAP-70 recruitment to the acti- 
vated TCR results in a loss of T cell signaling (16, 17). More- 
over, a mutant Jurkat T cell line lacking ZAP-70, PI 16, shows 
no functional or biochemical evidence of TCR-mediated ac- 
tivation (B.L. Williams, manuscript in preparation) and pa- 
tients with ZAP-70 mutations as well as ZAP-70 knockout 
mice display profound SCID phenotypes (18-21). Despite 
the information available regarding the function of ZAP-70 
in T cells, little is known about its intracellular location or 
dynamics. Upon cellular activation, ZAP-70 is rapidly ty- 
rosine phosphorylated and it transiently translocates to the 
TCR. However, subcellular fractionation experiments have 
indicated that most ZAP-70 remains in the cytosol, and 
only a fraction of the kinase becomes tyrosine phosphory- 
lated when the cells are activated (W. Zhang, unpublished 
observations). Though interest has focused on the TCR- 
associated fraction of ZAP-70, clearly the function of the 
majority of ZAP-70 molecules has been insufficiently ana- 
lyzed. 

To further explore ZAP-70 intracellular localization and 
dynamics, we have used the green fluorescent protein (GFP) 
of the jellyfish Aequorea victoria. The fluorescent signal gen- 
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erated by GFP is stable, species-independent, and can be mon- 
itored noninvasively in living cells (22, 23). GFP-tagged 
proteins have been used to assess the regulation of gene ex- 
pression, the dynamics of intracellular organelles, and the 
subcellular localization and movement of many proteins in 
intact cells (see review in reference 23). Moreover, refined 
GFP variants are now available, which are codon-optimized 
for expression in mammalian cells and have fluorescence 
intensities up to 35-fold higher than the wild-type GFPs (24). 

Here we have used a chimeric protein composed of 
ZAP-70 fused to the variant GFP, EGFP, as a tool to begin 
to visually define the kinetics and regulation of ZAP-70 
movement. Our results show that, when expressed in epi- 
thelial cells, ZAP-70 GFP is found diffusely throughout the 
quiescent cell. However, upon pharmacological stimulation, 
redistribution of a pool of ZAP-70 GFP to the plasma mem- 
brane occurs. This phenotype is enhanced by coexpression 
of an active form of Lck (F505 Lck). but can occur in the 
absence of any TCR chains. Although maximal membrane 
accumulation requires full phosphorylation and activation 
of ZAP-70 kinase, significant translocation of a kinase-dead 
(KD) form of ZAP-70 GFP occurs.* Subsequent studies in 
T lymphocytes also indicate a cellular redistribution of the 
enzyme upon activation via the TCR. Intriguingly, ZAP-70 
GFP is present in the nucleus of both resting and activated 
cells. This nuclear location was confirmed for the endoge- 
nous protein in Jurkat T cells, both by immunofluores- 
cence staining with an anti-ZAP-70 antiserum, and by bio- 
chemical purification of the nuclear material. Similarly to 
cytosolic ZAP-70, the nuclear pool demonstrates an in- 
crease in phosphotyrosine content upon cellular stimulation, 
implying that it acquires kinase activity (8, 9). Our observa- 
tions provide visual evidence to support many previous 
biochemical data, as well as revealing some unexpected 
findings that will provoke further study. The movement of 
ZAP-70 to the plasma membrane in the absence of a TCR 
suggests that other peripheral or transmembrane proteins 
can serve as docking molecules for this kinase. Moreover, 
the presence of ZAP-70 in the nucleus leads one to reassess 
its role as merely a plasma membrane PTK, suggesting in- 
stead that it may have additional nuclear functions. 

Materials and Methods 

Cells. Antibodies, and Reagents. Complete D10 (for Cos 7 
cells) or RIO (jurkat and its ZAP-70 negative mutant. Pi 16) me- 
dium was used for cell culture (8). The Pi 16/ZAP-70 GFP sub- 
clones C8, C 1 1 . and H9 were derived from the parent subclone 
2G1, whereas F4 was derived from the independent parent subclone 
1C2. All stably transfected lines were cultured in RIO complete 
medium supplemented with 1 mg/ml Geneticin (G418; GIBCO 
BRL, Gaithersburg, MD) for maintenance of transgene expression. 

mAbs used include antiphosphotyrosine, 4G10 (UB1, Lake 
Placid, NY); anti-TCR a chain. A2B4 (25); the F(ab') 2 fragment 
of OKT3 (anti-CD3 c; reference 26); and anti-Lck, 3A5 (Santa 
Cruz Biotechnology, Santa Cruz, CA). Rabbit sera are anti-ZAP- 
70 (8). anti-GFP (Clontech, Palo Alto. CA), and anti-IRP-1 (27). 
Rhodamine-coupled goat anti-mouse and goat anti-rabbit IgG 
(Southern Biotechnology. Birmingham, AL). and Cy™ 3 donkey 



anti-rabbit IgG Oackson ImmunoResearch Labs Inc., West Grove. 
PA) were used. The cytosolic fragment of erythrocyte band 3 (cfb3), 
a substrate of ZAP-70, has been described elsewhere (28). 

Piasmids and Constructs. The generation of pSXSRa-Lck F505 
has been described previously (8). An oligonucleotide linker method 
was used to create the ZAP-70 GFP fusion protein expressed in 
the Ciontech pEGFP-Nl vector (pECFP/ZAP-70). The oligo- 
nucleotide. 5'-CTA GGG CCC CCA GGC AGC ACA CAG 
AAG GCT GAG GCT GCC TGT GCC TCG-3'. encoding the 
COOH terminus of ZAP-70, was cloned into the Xba 1/Bam 
HI sites of pBluescript KS plasmid. The Apa 1 fragment was sub- 
cloned into pSXSRct-ZAP-Myc. and the EcoRl/BamHl frag- 
ment from this was subcloned into the corresponding sites of the 
pEGFP-Nl expression vector. A KD form of ZAP-70, created by 
site-directed mutagenesis of the lysine at position 369 to an ala- 
nine, replaced ZAP-70 GFP in the pEGFP/ZAP-70 vector. 

Transfection. Cos 7 cells were electroporated using 15 p,g of 
each DNA construct at 250 V and 500 uT using a Gene Pulser 
(Bio Rad Labs.. Hercules, CA) and used at 20-26 h after transfec- 
tion. PI 16 T cells (2 X 10 6 ) were electroporated using 20 p.g 
DNA at 310 V and 500 pT. First stage subclones of PI 16/ZAP- 
70 GFP, 2G1, and 1C2, were selected from a bulk population by 
limiting dilution analysis, and these were further subcloned to 
produce C8, Cll. H9 (from 2G1), and F4 (from 1C2), respec- 
tively. 

Immunoprecipitauon, Immunoblotting, Immune-complex Kinase As- 
says, Cytosol/Membrane and Nuclear Fraction Purification. Transfected 
Cos 7 cells were harvested and lysed in Brij 97 lysis buffer (8). The 
cells were stimulated for 10 min at room temperature (RT) in the 
presence or absence of pervanadate (PV) before lysis. Jurkat, PI 16, 
and ZAP-70 GFP subclones were left untreated or stimulated with 
F(ab') 2 fragments of OKT3 for 2 min at 37°C before lysis. Post- 
nuclear lysates were analyzed by SDS-PAGE or were subjected to 
immunoprecipitation (IP) using the appropriate Ab adsorbed to 
protein A-Sepharose. An immune-complex kinase assay was per- 
formed using cfb3 as an exogenous substrate (1 fxg/IP; reference 8). 

For preparation of cytosolic/membrane and nuclear fractions. 
Jurkat cells (4 X 10 7 ) were suspended in homogenization buffer 
(10 mM Tris. pH 7.6. 0.5 mM MgCl 2 , 1 mM PMSF. 10 p,g/ml 
Aprotinin, 10 p.g/ml Leupeptin, 5 mM EDTA, 1 mM Na 3 V0 4 ), 
with (see Fig. 9 a) or without (see Fig. 9 b) 0.1% Tween 20. and 
incubated on ice for 20 min. Swollen cells were then homoge- 
nized by aspirating 50 times using a 25-gauge needle and l-ml sy- 
ringe, and the percentage of broken cells was >95%. NaCl (150 
mM final) and Hepes (pH 7.5. 50 mM final) were added, and 
cells were centrifuged at 2,000 rpm for 5 min to pellet the nuclei. 
Supernatants were considered the cytosolic/membrane fraction. 
Nuclear pellets were washed three times with homogenization buf- 
fer with (Fig. 9 a) or without (Fig. 9 b) 0. 1% Triton X- 100. resus- 
pended in the same buffer (400 p-l), and sonicated (four times, 30 s 
each). Samples were boiled for 15 min, centrifuged at 15,000 
rpm X 10 min, and supernatants collected as purified nuclear ma- 
terial. A portion of each cellular fraction was used to determine 
enrichment of nuclear material and percent contamination from 
cytosol. The remainder of each was immunoprecipitated with anti- 
ZAP-70 antiserum after adding Brij 97 to 1% final concentration. 

A densitometer (Molecular Dynamics, Sunnyvale. CA) and 
ImageQuant software were used for quantitation analysis of auto- 
radiographs. 

Immunofluorescence Staining and Con focal Microscopy. Transfected 
Cos 7 cells were grown on sterile glass coverslips (10 or 25 mM 
diameter, No. 1 thickness). ZAP-70 GFP subclones were adhered 
to coverslips precoated with poly L-lysine (100 ^g/ml; Sigma 
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Chemical Co.. St. Louis, MO; sec Figs. 5 and 6) for 2 h at 37°C. 
Cells were stimulated directly on the coverslips (PV X 10 min for 
Cos 7 or F(ab') 2 of OKT3 X 2 min for 2G1). fixed in 2% formal- 
dehyde in PBS for 15 min at RT, and examined directly or per- 
meabilized and stained with the appropriate antibody. Antibody 
staining was performed with T ceils in suspension in all other ex- 
periments, and cells were mounted onto coverslips immediately 
before microscopy analysis. The cells were fixed using 3.7% 
paraformaldehyde in PBS for 30 min at RT, washed (three times) 
in PBS containing 10% fetal bovine serum (PBS/FBS), per- 
meabilized using 0.1% Triton X-100 in PBS for 4 min at RT, 
washed (three times), and incubated for 45 min in PBS/FBS for pre- 
blocking. Cells were then incubated with first stage antibody (anti- 
ZAP-70. anti-GFP, or anti-Lck) in PBS/FCS for 45 min at RT. 
washed and incubated with second stage antibody (rhodamine- 
coupled goat anti-mouse or anti-rabbit IgG or (see Fig. 7) Cy™ 
3 donkey anti-rabbit IgG) for 45 min. followed by washing with 
PBS (three times). Cells were resuspended in Fluorornount G 
added (Southern Biotechnology) and pipetted onto microscope 
slides with a coverslip mounted on top. Hoechst stain (20 u.g/ml) 
was included during the second antibody incubation (See Fig. 7, c 
and dj. These cells were viewed using a Zeiss Axioskop micro- 
scope equipped with both UV and rhodamine optics and cells pho- 
tographed directly. All other fixed cells were viewed as 0.5 u,M 
dual color optical sections, or composites of a complete Z section 
analysis in (see Fig. 2) using a Zeiss lasor scanning microscope 410 
confocal microscope having a 100 X Zeiss planapo objective (nu- 
merical aperature 1.4) and optics for both fluorescein (GFP) and 
rhodamine (antibody stains). For experiments using live cells, the 
coverslips were affixed to a Leiden coverslip dish and mounted on 
a custom-made 37°C stage of the confocal microscope using the 
100X objective. The GFP molecule was excited with the 488 line of 
a krypton-argon laser and imaged using a 515-540-nm bandpass 
filter. Images were averaged 16 times to improve image quality. Two 
images of each cell were taken before addition of stimulant, and 
subsequent images were taken at 20-s intervals thereafter until 5 min 
after stimulation, with the same cell slice being viewed in each image. 

Quantitation measurements (see Fig. 6, c and dj were deter- 
mined using IP Lab Spectrum software. The middle section of a 
complete Z series (0.5-u-M slices) was selected from a field of 
each subclone to ensure that a slice through the nucleus was be- 
ing examined. Regions of interest (ROls) were drawn around the 
entire cell and around the nucleus, and the sum of pixels in each 
ROI calculated. The following equation was used to determine 
the percent of ZAP-70 GFP in the nucleus: (sum of intensities of 
total pixels in nucleus)/(sum of intensities of total pixels in cell) X 
100%. The mean fluorescence intensity for the entire cell is re- 
ported to compare the expression level of ZAP-70 GFP between 
individual cells. 



Results 

ZAP-70 GFP Chimera Retains the Antigenic and Kinase 
Properties of Native ZAP-70. The ZAP-70 GFP fusion 
protein was constructed in a mammalian expression vector 
fusing the GFP coding sequence to the COOH terminus of 
ZAP-70 kinase (Fig. 1 a). To assess the enzymatic activity 
of the chimeric protein, Cos 7 cells were transfected with 
ZAP-70 GFP and Lck F505, left untreated, or stimulated 
with PV, and an in vitro kinase assay was performed on the 
anti-ZAP-70 IPs (Fig. 1 b. top). Enzymatic activity was 
measured by detection of autophosphorylation and phos- 
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Figure 1. In vitro functional 
activity and apparent molecular 
weight of the ZAP-70 GFP fu- 
sion protein, (a) Schematic of the 
ZAP-70 GFP fusion protein, 
showing the position of the GFP 
(F64L. S65T) molecule at the 
COOH terminus of ZAP-70. 
with a predicted molecular 
weight of —97 kD. (b) Cos 7 
cells expressing pEGFP/ZAP- 
70 and pSXSRaLck F505, were 
incubated for 10 min with or 
without PV as indicated. Immu- 
nopreclpitation of lysed cells was 
performed with either anti- 
ZAP-70 antiserum or A2B4 mAb, 
and the phosphorlyated proteins 
from an in vitro kinase assay ana- 
lyzed {top). An anti-ZAP-70 
Western blot of the same mem- 
brane is shown {bottom) . 



phorylation of cfb3, a substrate for ZAP-70. ZAP-70 GFP 
showed significant kinase activity, which was increased 
upon cellular stimulation, indicating that the fusion protein 
retained the enzymatic properties of the native ZAP-70 
molecule (8). An anti-ZAP-70 immunoblot of the mem- 
brane demonstrated the amounts of protein in the lanes and 
confirmed that the antigenic properties of ZAP-70 had 
been retained (Fig. 1 6, bottom). Anti-GFP antiserum also 
identified this single species (data not shown), whereas an 
irrelevant mAb failed to IP the chimeric protein (Fig. 1 b). 

ZAP-70 GFP Is Located throughout Cos 7 Cells, and Mi- 
grates to the Plasma Membrane upon Activation. Cos 7 cells 
were next transfected with ZAP-70 GFP, and the fixed cells 
were viewed using confocal microscopy. The kinase was 
located diffusely throughout the cells, which frequently in- 
cluded a heavy concentration in the perinuclear region, as 
shown in Fig. 2 a. Little, if any, plasma membrane-associ- 
ated ZAP-70 was detected. Unexpectedly, marked nuclear 
localization was also observed in many cells. Upon cellular 
stimulation (Fig. 2 b, 3 min PV), ZAP-70 redistributed sig- 
nificantly with cytosolic clearing and simultaneous accu- 
mulation at the plasma membrane, indicating that there was 
a correlation between ZAP-70 activation and its move- 
ment to the cell surface. 

Since Lck F505 induces ZAP-70 kinase activity (3, 8, 9). 
we next examined if simply coexpressing the two proteins 
resulted in more plasma membrane-associated ZAP-70. To 
compare cellular distribution of the two enzymes, trans- 
fected cells were immunostained with an anti-Lck antibody 
and a rhodamine-coupled secondary mAb. Thus, the green 
image represents ZAP-70, the red indicates Lck, and the 
yellow image indicates where the two molecules colocal- 
ize. Coexpression of active Lck had a dramatic influence on 
the distribution of ZAP-70. A significant amount was ob- 
served at the plasma membrane in the unstimulated cell, 
and further rapid membrane accumulation occurred as soon 
as 1 min after PV stimulation (Fig. 2, cand dj. Lck colocal- 
ized at the plasma membrane with ZAP-70 in both in- 
stances. 
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Figure 2. ZAP-70 GFP, expression and cellular location in Cos 7 cells. Cos 7 cells expressing pEGFP/ZAP-70 alone {a and b) or together with pSXS- 
RaLck F505 (r and d) were left untreated (a and c) or stimulated with pervanadate for 1 (d) or 3 min (£>). Coverslips were mounted directly (a and b) or 
after first staining with anti-Lck (r and dj. The optical sections of a complete Z series were then projected to produce the composite single (a and b) or 
dual (rand dj color images shown {green, ZAP-70 GFP fusion protein; red, immunostain of Lck F505). Areas of yellow represent colocalization of ZAP- 
70 GFP and Lck F505 (rand dj. 



Several intriguing observations were made from this ini- 
tial experiment. ZAP-70 becomes closely associated with 
the plasma membrane specifically upon activation, appar- 
ently independent of the TCR, since Cos 7 cells do not 
express any TCR components. In addition, the presence of 
active Lck enhanced the membrane association of ZAP-70 
GFP, suggesting that the phosphorylation and subsequent 
activation of ZAP-70 are prerequisites for its translocation 
to and association at the membrane. Furthermore, ZAP-70 
was detected abundantly in the nucleus, a phenotype that 
was unaffected by cellular, stimulation. 

Active Lck Enhances Plasma Membrane Accumulation of 
ZAP-70. Although it seemed that F505 Lck coexpression 
enhanced ZAP-70 localization to the plasma membrane, 
these observations were made using fixed cells, preventing 
a comparison of the same cell at different stimulation time 
points. To more accurately study the role of F505 Lck on 
the quantitation and kinetics of ZAP-70 movement to the 



eel! surface, we monitored individual live cells over time, 
both before and after stimulation. Transfected cells were 
treated as described in Materials and Methods, and moni- 
tored before and after PV stimulation, for a total of 5 min 
after stimulation, with images taken at 20-s intervals. Upon 
subsequent comparison of the images for ZAP-70 distribu- 
tion, the kinetics of its movement to the plasma membrane 
in a single cell could be visualized. 

A representative cell, expressing ZAP-70 GFP alone, 
was observed before and after stimulation with PV (Fig. 3, 
top). Consistent with the data acquired using fixed cells, the 
unstimulated cell displayed a diffuse pattern of ZAP-70 ex- 
pression, with only a small amount of fluorescence at the 
plasma membrane {unstim). Upon pharmacologic stimula- 
tion, little change in ZAP-70 distribution was apparent 
during the first minute or so after stimulation (1 min PV). 
However, after 2 min, plasma membrane accumulation of 
ZAP-70 was evident [2 min PV, arrow highlights area of accu- 
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Figure 3. Effects of F505 Lck and cellular stimulation on the kinetics of plasma membrane acquisition of ZAP-70 GFP and KD ZAP-70 GFP. Individ- 
ual live Cos 7 cells were examined by confocal microscopy and plasma membrane acquisition of ZAP-70 GFP assessed as described in Materials and 
Methods. A single image of each cell is shown before activation (unstim) with subsequent images shown at 1-min intervals after the addition of PV. Ar- 
rows highlight specific areas of plasma membrane accumulation of the ZAP-70 GFP fusion proteins. 



rnulation). This redistribution to the cell surface steadily con- 
tinued throughout the 5-min stimulation period (5 min PV). 

A qualitatively different pattern was observed when cells 
cotransfected with ZAP-70 GFP and F505 Lck were mon- 
itored (Fig. 3, ZAP-70/ F505). Unlike the cells transfected 
with ZAP-70 GFP alone, those coexpressing F505 Lck con- 
sistently showed a high concentration of perinuclear and in- 
tranuclear ZAP-70, and minimal diffuse cytosolic location. 
Moreover, a significant quantity of ZAP-70 was already at 
the cell surface, in the resting cell (unstim). Further accumu- 
lation to the cell surface began immediately after PV addi- 
tion [1 min PV), was rapidly and steadily enhanced with 
the entire cell surface outlined by ZAP-70 GFP as early as 3 
min before stimulation, and increased until the conclusion of 
the experiment (5 min PV). Thus, active Lck has a dramatic 
positive influence on the kinetics and quantity of ZAP-70 
redistribution to the plasma membrane. 

Redistribution of KD ZAP-70 to the Plasma Membrane Is 
Highly Inefficient in Cos 7 Cells. Phosphorylation of spe- 
cific tyrosine residues, and the subsequent activation of 
ZAP-70 kinase, result from interaction with active Lck or 
stimulation by PV (29). The phosphorylation and/or kinase 
activation may be responsible for ZAP-70 translocation to 
the plasma membrane. To determine whether an inactive 
form of ZAP-70 would demonstrate the same dynamics, a 



KD form of ZAP-70 (KD ZAP-70) was fused to GFP and 
the chimera used in live cell experiments as above. When 
expressed in Cos 7 cells alone, KD ZAP-70 GFP was abun- 
dantly expressed in the cytosol, but not at the cell surface 
(Fig. 3). Furthermore, PV stimulation had no effect on re- 
distributing the protein at the early time points, in contrast 
to the wild-type chimera (compare ZAP- 70 and KD ZAP- 
70, 1 min PV). At later time points, a small amount of KD 
ZAP-70 could be seen around the cell surface (2, 3 min 
PV, arrows indicate membrane accumulation), but this was 
not enhanced as the cells were stimulated further [4, 5 min 
PV). The addition of active Lck increased the redistribution 
significantly (Fig. 3, bottom). As with the wild-type chi- 
mera, some KD ZAP-70 was already at the cell surface in 
the resting cell, although the quantity was much less [unstim). 
Further movement to the membrane occurred after addi- 
tion of PV, but again the total amount was less and the ki- 
netics slower than with native ZAP-70. Thus, ZAP-70 ki- 
nase activity is required for optimal redistribution to the 
plasma membrane in TCR-negative epithelial cells. 

Although the activation data suggest that Lck facilitates 
ZAP-70 redistribution by phosphorylating and ultimately 
activating it, a physical interaction between the two pro- 
teins is also possible. Membrane association of ZAP-70 could 
be mediated via this direct interaction since Lck associates 
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Figure 4. Quaniitalion and 
functional reconstitution analyses 
of ZAP-70 GFP in stably trans- 
fected Pi 16 subclones, {a) Cell 
lysates of Jurkat. PI 16. or Pi 16/ 
ZAP-70 GFP subclones were 
immunoprecipitated with anti- 
ZAP-7G. Immunoprecipitated 
proteins were analyzed by SDS- 
PAGE and Western blot using 
anti-ZAP-70 (2 X 10 6 cells/ 
lane). Levels of ZAP-70 GFP ex- 
pression in each subclone, pre- 
sented as a percent of endoge- 
nous ZAP-70 in Jurkat cells, 
were as follows: 97% for C8. 
143% for CI 1. 131% for H9. and 
94% for F4. {b) Cells were lysed 
directly or first stimulated for 2 
min with OKT3 F(ab') 2 at 37°C. 
and antiphosphotyrosine West- 
ern blot analysis of whole cellular 
lysates (2 X 10 s cells/lane) per- 
formed. 



with the plasma membrane via its NH 2 -terminal myristyla- 
tion site. Thus, we used a mutant form of F505 Lck in 
which the myristylation site had been destroyed (30), and 
determined its efficiency at facilitating ZAP-70 membrane 
association. Transition of ZAP-70 to the cell surface was 
similar regardless of whether Lck could associate with the 
lipid bilayer, supporting the thesis that Lck kinase activity is 
responsible for ZAP-70 movement (data not shown). 

ZAP- 70 GFP Reconstitutes Early Activation Events in PI 16 
Cells Lacking ZAP-70. To study the intracellular location 
and redistribution of ZAP-70 in T cells, we reconstituted a 
mutant Jurkat T cell line, PI 16, which lacks ZAP-70 (Wil- 
liams, B.L., and R.T. Abraham, manuscript submitted for 
publication). Individual subclones were selected from stable 
bulk cultures by limiting dilution analysis and two, 2G1 and 
1C2, were used for further study. These lines were further ' 
subcloned to derive C8, CI 1, H9 (from 2G1), and F4 (from 
1C2). Anti-ZAP-70 IP and Western blot analysis (Fig. 4 a) 
with subsequent densitometry measurements indicated that 
the relative expression of ZAP-70 GFP compared to en- 
dogenous ZAP-70 in Jurkat cells was 97% for C8, 143% for 
CI 1, 131% for H9, and 94% for F4. 

Jurkat, PI 16 cells and the stably reconstituted subclones 
were left untreated or stimulated through the TCR with 
OKT3 F(ab') 2 for 2 min at 37°C. Ab-mediated TCR cross- 
linking led to rapid increases in the phosphorylation of sev- 
eral proteins in Jurkat T cells, as expected (Fig. 4 b). In 
contrast, only a slight increase in tyrosine phosphorylated 
substrates was observed in the stimulated PI 16 cells, consis- 
tent with our previous observations (Zhang, W., B.L. Wil- 
liams, and R.T. Abraham, unpublished data). The defect in 
TCR : inducible protein tyrosine phosphorylation in PI 16 
cells was reversed in all subclones, regardless of the level of 
expression of ZAP-70 GFP (Fig. 4 b, and data not shown). 
Thus, ZAP-70 GFP was able to reconstitute early signaling 
events, which correlate with the kinetics of ZAP-70 local- 
ization to the plasma membrane, in reconstituted PI 16 cells. 



ZAP-70 CFP Redistributes Around the Cell Periphery in T 
Cells After anti-TCR Stimulation. We next used the sub- 
clones to determine the distribution of ZAP-70 in resting 
and activated cells. 2G1 cells were stained with anti-Lck and 
a rhodamine-coupled secondary mAb to colocalize the two 
proteins. As expected, Lck was found exclusively around the 
plasma membrane and in the cytosol, and provided a clear 
counterstain surrounding the nucleus (Fig. 5 a). In contrast, 
ZAP-70 GFP, while colocalizing with Lck in the cytosol 
(yellow), was also abundant in the cell nucleus, displaying a 
typical nucleolar exclusion pattern. 

To assess if ZAP-70 redistribution to the plasma mem- 
brane could be visualized in T cells, 2G 1 cells were adhered 
to coverslips and then fixed immediately or after stimula- 
tion with OKT3 F(ab')2 for 2 min (Fig. 5, b and c). Cyto- 
plasmic ZAP-70 GFP was observed in the unstimulated 
cells (b). In the population stimulated with anti-TCR anti- 
body, some cells showed a peripheral rim of enhanced GFP 
(Fig. 5 c, arrows), and others showed membrane blebs with 
GFP [arrowhead). Whether this protein redistribution is 
analogous to that seen in the Cos 7 cells is difficult to deter- 
mine. Regardless, anti-TCR stimulation of T cells induces 
rapid ZAP-70 redistribution, consistent with its movement 
to and function at the plasma membrane. 

Nuclear ZAP-70 GFP Location Is Independent of Protein 
Expression Levels. ZAP-70 GFP was clearly identified in 
the nucleus of the reconstituted subclones (Fig. 5). Al- 
though the biochemical analysis showed that these cell lines 
expressed comparable levels of ZAP-70 to Jurkat, the pos- 
sibility remained that the nuclear ZAP-70 GFP was an arti- 
fact of overexpression in individual cells. To rule this out, 
we took advantage of the ability to quantitate the GFP fu- 
sion protein by pixel intensity computation. Subclones F4 
and H9 were selected as representatives expressing compa- 
rable and 1.3-fold higher levels of ZAP-70 to endogenous 
protein by biochemical analysis (see Fig. 4 a). A complete 
Z series of adhered cells was carried out in several random 
fields, and the middle section from each field was selected 
for analysis to ensure that the nucleus was represented. 
Quantitative measurements were taken of individual cells, 
and the percent of ZAP-70 GFP in the nucleus deter- 
mined. Data from a representative field of each subclone is 
presented (Fig. 6). 

Interestingly, although the cell lines had been subcloned 
twice, a range of protein expression levels was observed in 
each population, highlighting the sensitivity of the assay 
system at the single cell level (Fig. 6, a and b). For F4, two 
cells expressed ZAP-70 GFP at about the lowest level of 
detection (Fig. 6 a, cells 1 and 2), reflected in the mean 
pixel intensity for each cell (Fig. 6 c). Other cells in the F4 
population expressed intermediate protein levels (e.g., cell 
4). ROIs encompassing the entire ceil and the nucleus were 
quantified for total fluorescence intensity, and the percent 
of ZAP-70 residing in the nucleus was determined using 
the formula described in Materials and Methods. In most 
cells, about half of the ZAP-70 detected in the section was 
in the nucleus. More importantly, there was no correlation 
between nuclear location and overall protein expression 
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Figure 5. Intracellular loca- 
tion of ZAP-70 GFP in stably 
transfected Pi 16 T cells, and its 
movement to the plasma mem- 
brane upon cellular activation, 
(a) Nuclear expression of ZAP- 
70 GFP in P116/2C1 cells is 
highlighted by the nucleolar ex- 
clusion pattern. Endogenous Lck. 
stained with anti-Lck and a 
rhodamine-coupled secondary 
mAb, is entirely extranuclear in 
ail cells, and areas of yellow indi- 
cate the cytosolic colocalization 
of ZAP-70 GFP and Lck. [b and c) 
P116/2G1 cells were left un- 
treated {b) or stimulated with 
F(ab') 2 of OKT3 for 2 min at 37°C 
{cj. Arrows and arrowheads indi- 
cate peripheral rims and mem- 
brane blebs of ZAP-70 GFP. re- 
spectively [cj. 



levels (Fig. 6 c). This was further verified when the H9 sub- 
clone was similarly assessed, whereas cells expressing much 
higher total cellular amounts of ZAP-70 GFP showed no 
significant increase in the amount residing in the nucleus 
(Fig. 6, b and d, cells 7, 8, and 9), Thus, nuclear ZAP-70 is 
not an artifact of overexpression since it exists at physiolog- 
ical protein levels. It should be noted that, although close 
to 50% of the material was nuclear in the slices quantitated, 
this may not reflect the percent nuclear ZAP-70 in the en- 
tire cell. To determine this value, the sum of values from all 
slices through an individual cell must be calculated for a 
population of cells. 

Endogenous ZAP-70 Is Detected in the Nucleus of Jurkat 
Cells by Immunofluorescence. To rule out the possibility that 
nuclear ZAP-70 GFP was an artifact of the chimera, im- 
munofluorescence (IF) staining was first performed on PI 16 
cells reconstituted with ZAP-70 containing a COOH-ter-, 
minal Myc epitope tag. As with ZAP-70 GFP, nuclear 
ZAP-70 was evident in about half of the cells (data not 
shown). Next, an anti-ZAP-70 antiserum was affinity puri- 
fied against its immunizing epitope and then used to iden- 
tify the location of endogenous ZAP-70. Jurkat cells were 
immunostained in suspension to maintain their three di- 
mensional structure and eliminate the possibility of misin- 
terpreting cellular location due to cell flattening. Immediately 
after mounting, complete Z series analysis of immuno- 
stained cells was performed. An assessment of the immuno- 
staining pattern in all cell slices verified that endogenous 
ZAP-70 is indeed present in the nucleus. Two slices (0.5- 
|xN4-thick) through the middle of a typical fieid of Jurkat 
cells, 1 |jlM apart, are displayed in Fig. 7 (a and b). The 
staining pattern clearly indicates that ZAP-70 is not only in 
the cytosol (note the intense peripheral staining), but also 
highly abundant in the nucleus, with a typical nucleolar ex- 
clusion pattern. The specificity of the staining pattern was 
verified when ZAP-70-negative PI 16 cells, treated in a 
similar manner, failed to show any IF staining (e), although 
cells were present in the field as seen under the reflector 



light (/"). In addition, the secondary Ab alone did not sig- 
nificantly stain the Jurkat cells (data not shown). The nu- 
clear location of endogenous ZAP-70 was further confirmed 
when Jurkat cells were costained with anti-ZAP-70 and a 
Hoechst DNA stain. Although only the Ab stained the cy- 
tosol, both anti-ZAP-70 and Hoechst showed a superim- 
posable staining pattern in the nucleus {c and d). Thus, en- 
dogenous ZAP-70 is present in the nucleus of normal 
Jurkat T cells. 

Efficiency of Ab Staining Is Hindered by the Nuclear Mem- 
brane. A recent study reported that ZAP-70 is found ex- 
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Figure 6. Quantitation of nuclear ZAP-70 GFP, and its relationship to 
expression levels, in individual cells of stably transfected PI 16 subclones. 
The middle section from a complete Z series of 0.5 u.M optical sections 
through a field of F4 [a) and H9 (ft) subclones is shown. Numbered cells 
correlate with the corresponding quantitation analyses reported in (t) for 
F4 and {cf) for H9. Mean pixel intensity throughout individual cells is re- 
ported as a method to accurately compare GFP expression levels between 
cells. Percent nuclear ZAP-70 GFP was determined as described in Mate- 
rials and Methods. 
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Figure 1, Identification of endogenous ZAP-70 In the nucleus of Jur- 
kat cells by IF staining. Jurkat (a. b, c, and d} and Pi 16 (e and f) cells were 
stained with affinity-purified anti-ZAP-70 antiserum. 0.5 p,M slices 
through the middle of the cells are displayed (a. b. e. and !). Two 0.5 p.M 
slices, 1 u-M apart, are shown for anti-ZAP-70-stained Jurkat cells (a and 
b), and one for PI 16 cells (e). An image of the same field as in e, using [he 
reflector optics, indicates the specificity of the Ab stain (/). The nuclear 
staining of the anti-ZAP-70 is further verified by colocalization of anti- 
ZAP-70 (c) with the Hoechst DNA stain (d) in the same cells. 

clusively in a cortical region of Jurkat cells, with no evi- 
dence of the protein in the nucleus (31). This is inconsistent 
with the findings presented here. However, a comparison of 
our results using Ab staining versus GFP to detect ZAP-70 
revealed an interesting pattern that may explain this appar- 
ent discrepancy. Although the ZAP-70 GFP was present 
in the nucleus of all T cells examined, Ab staining using ei- 
ther anti-Myc or anti-ZAP-70 consistently detected nu- 
clear ZAP-70 in only about half of the cells, indicating that 
some nuclear structure was acting as a physical barrier, pre- 
venting efficient access of the Abs to the nucleus (data not 
shown). 

To formally test this hypothesis, Cos 7 cells expressing 
ZAP-70 GFP were immunostained with either anti-GFP or 
anti-ZAP-70 and a rhodamine-coupled secondary Ab. In- 
dividual cells were then viewed, using dual-color optics for 
fluorescein and rhodamine, to compare the location of 
ZAP-70 using the two detection methods. A complete Z 
series analysis was performed, and the center slice of a typi- 
cal cell is shown for cells immunostained for GFP (Fig. 8, 




Figure 8. Demonstration of inaccessibility of Abs to nuclei. Cos 7 cells, 
expressing ZAP-70 GFP, were immunostained with anti-GFP (a-c) or 
anti-ZAP-70 {d-f). ZAP-70 GFP (a and d). Ab signals (b and e) and the 
dual-color overlays (c and f) are shown for a 0.5 jjlM slice through an in- 
dividual cell stained with either anti-GFP (a-c) or anti-ZAP-70 {d-l). 

a-c) or ZAP-70 {d-f). Although GFP indicated a high con- 
centration of the chimera in the nucleus (Fig. 8 a), this was 
completely unrecognized by the anti-GFP (Fig. 8 b). In 
contrast, expression of the protein elsewhere in the cell was 
detected comparably by either method (c, yellow indicates 
overlay of both signals). Although the anti-ZAP-70 ap- 
peared to be somewhat more accessible to the nucleus (e), 
some exclusion was apparent since the GFP signal was 
much stronger than the Ab signal (compare d, e, and over- 
lay in f). The partial exclusion of anti-ZAP-70 is consistent 
with the detection of only ~50% of examined T cells dis- 
playing nuclear ZAP-70 using this Ab. Our studies demon- 
strate two strengths of the ZAP-70 GFP chimeric system. In- 
tracellular locations of proteins, which are overlooked by 
conventional IF techniques, are efficiently detected. Also, 
accurate quantitative intracellular distribution measurements 
can be made. 

ZAP-70 Can Be Isolated from Jurkat Nuclei and Is Tyrosine 
Phosphorylated after Anti-TCR Stimulation. To understand 
the role of nuclear ZAP-70 in T cell signaling, a biochemi- 
cal cell fractionation procedure was used to yield highly pu- 
rified cytosol/membrane and nuclear pools from Jurkat cells. 
ZAP-70 was abundant in both the cytosolic/membrane 
and nuclear fractions, as indicated by anti-ZAP-70 immu- 
noblotting of whole lysate preparations (Fig. 9 b, top). About 
35% of total cellular ZAP-70 was nuclear, but this value 
varied between experiments, a reflection of the inefficiency 
"of nuclear material recovery (32). The membrane was then 
immunoblotted with anti-iron regulatory protein (IRP)-l 
as a control for cytosolic contamination in the nuclear frac- 
tion (Fig. 9 b, bottom), since IRP-1 is purely cytosolic (27, 
33). Densitometric analysis indicated that the ratio of nu- 
clear/ cytosolic ZAP-70 was 0.53, whereas that for IRP-1 
was 0. 1 . Thus, ZAP-70 in the nucleus was enriched 5.3-fold 
as compared to IRP-1, and as much as 6.2-fold in other ex- 
periments; confirming that ZAP-70 truly resides in the cell 
nucleus. Similar results were found when nuclear material 
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Figure 9. Biochemical isolation of ZAP-70 from nuclei of Jurkat cells, 
and demonstration of its increased tyrosine phosphorylation after anti- 
TCR stimulation, (a) Cytosol/membrane (1.2 X 10 7 cells) and nuclear 
fractions (2.6 X 10 7 cells) of Jurkat or Pi 16 cells, immunoprecipitated 
with anti-ZAP-70, were analyzed by antiphosphotyrosine Western blot- 
ting {top). The stripped membrane was reprobed with anti-ZAP-70 {bot- 
tom). Specific activity of ZAP-70 after cellular stimulation was 2.4 for cy- 
tosolic/membrane ZAP-70 and 1.4 for nuclear ZAP-70. A nonspecific 
band appears in the 4G10 biot of Pi 16 cells, which migrates more slowly 
than the phosphorylated ZAP-70. (b) Whole lysate samples from the puri- 
fied materia! (6 X 10 s cells/lane) was immunobloued with anti-ZAP-70. 
and then reprobed with anti-iRP-1. Densitometric analysis confirmed 
that there was a 5.3 fold enrichment of ZAP-70 in the nuclear fraction as 
compared to IRP-1. This was confirmed in 3 independent experiments, 
with enrichment of ZAP-70 as compared to IRP-nl ranging from 5 fold 
to 6.2 fold. 

was isolated from Jurkat cells in the presence (Fig. 9 a) or 
absence (Fig. 9 b) of 0.1% mild detergent, and also in trans- 
fected Cos 7 cells using a sucrose gradient separation tech- 
nique (data not shown). Moreover, the enrichment of nu- 
clear material was confirmed by immunobiotting with an 
Ab against a nuclear pore complex protein (data not 
shown; reference 34). 

To compare the function of cytosolic and nuclear ZAP- 
70, anti-ZAP-70 IPs of the purified cell fractions were per- 
formed from unstimulated or OKT3 F(ab') 2 stimulated 
cells, and the phosphotyrosine content examined. A spe- 
cific increase in ZAP-70 phosphotyrosine content was ob- 
served after anti-TCR stimulation, both in cytosolic and 
nuclear ZAP-70 (Fig. 9 a, top). When compared to ZAP- 
70 protein levels in the IPs {bottom}, the increase in specific 
activity was calculated to be 2.4-fold in the cytosolic frac- 
tion and 1.4-fold in the nuclear fraction. PI 16 cells did not 
contain any ZAP-70, although an unidentified nonspecific 
species was present in the antiphosphotyrosine, but not anti- 
ZAP-70. immunoblots which migrated more slowly than 
the ZAP-70 protein (Fig. 9, top). Thus, nuclear ZAP-70 
increases its phosphotyrosine content after anti-TCR stimu- 
lation, and therefore likely acquires enzymatic activity. In- 
terestingly, the insoluble material remaining after sonica- 
tion of the nuclear/cytoskeletal pellet, which was separated 
from the soluble nuclear material and considered to contain 
cytoskeletal and nuclear matrix-associated proteins, showed 
little or no evidence of ZAP-70 presence, either by direct 
immunobiotting or by anti-ZAP-70 IP. 

Discussion 

Since the identification of ZAP-70 as a T cell-specific 
protein tyrosine kinase, a number of biochemical studies have 



focused on its activity, regulation, and molecular interac- 
tions (for reviews see references 29, 35). Although such re- 
search has been critical, a complementary cell biological 
study is necessary to fully understand ZAP-70 function. 
Here, we provide an analysis of ZAP-70 subcellular loca- 
tion and demonstrate its dynamics under different condi- 
tions. The visualization of ZAP-70 movement to the plasma 
membrane supports previous biochemical data. Our work 
also demonstrates that only a small fraction of total enzyme 
translocates to the membrane. That this membrane localiza- 
tion can be independent of TCR expression suggests that our 
knowledge of the sequence of events occurring after T cell 
stimulation may be incomplete. Moreover, the discovery 
that there is a large pool of ZAP-70 in the nucleus, which 
is activated upon cellular stimulation, suggests that the ki- 
nase has additional, heretofore unexpected functions. 

Compelling evidence exists indicating that a physical in- 
teraction between ZAP-70 and TCR chains takes place soon 
after T cell stimulation. Early studies showed that ZAP-70 
coprecipitates with TCR-£ and the CD3 chains after acti- 
vation (36, 37). This interaction depends on the highly spe- 
cific binding of the tandem SH2 domains of ZAP-70 with 
tyrosine phosphorylated ITAMs of the TCR (6, 7). Our 
results, revealing plasma membrane translocation of ZAP- 
70 in the absence of any TCR chains, suggest that there are 
alternative mechanisms of ZAP-70 localization at the plasma 
membrane. Cos 7 cells may express a molecule at the sur- 
face with cytoplasmic tyrosine residues or ITAMs, available 
for phosphorylation and SH2 binding. SH2-mediated bind- 
ing could also be independent of phosphotyrosine as seen 
in the cases of Src family PTK SH2 domains binding to Raf 
and other proteins, Abl SH2 binding Bcr and Syk SH2 do- 
mains binding Cbl (38-40). However, the enhanced trans- 
location of ZAP-70 to the membrane in response to per- 
vanadate makes this possibility less likely. Thus, the kinase 
can likely be retained at the membrane by additional, non- 
SH2 mechanisms. 

The tyrosine phosphorylation and subsequent activation 
of ZAP-70 by Lck are the critical parameters in the facilita- 
tion of its membrane localization. The observation that KD 
ZAP-70 could redistribute to the cell surface less efficiently 
than the native molecule suggests that ZAP-70 tyrosine phos- 
phorylation or kinase activity is involved in the mechanism 
of translocation. Perhaps a phosphorylation-dependent con- 
formational change in ZAP-70 occurs leading to its activa- 
tion and/or redistribution, similar to that reported for other 
protein kinases (41-43). The activated kinase may then en- 
hance the translocation either by increasing its own phos- 
photyrosine content by transphosphorylation or that of down- 
stream substrates which may then serve as vehicles for 
ZAP-70 movement to the cell surface. We have found that 
only about half of phospho-ZAP-70 is retrieved from the 
membrane fraction of T cells. The rest is in the cytoplasm, 
indicating that the enzyme may indeed be activated before 
its accumulation at the cell surface (Zhang, W., unpublished 
observations). 

The majority of known protein tyrosine kinases are in- 
volved in the transduction of extracellular signals, exerting 
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their effects at or near the plasma membrane. The discov- 
ery that several nuclear proteins contain phosphotyrosine 
raised the possibility that some tyrosine kinases may reside 
and have additional functions in the nucleus (for review see 
reference 44). Indeed, several PTKs have a nuclear loca- 
tion, the best characterized of which is c-Abl (44). This PTK 
is found in both the cytoplasm and in the nucleus of cul- 
tured fibroblasts, and has a classical nuclear localization sig- 
nal (NLS) and a DNA binding domain. Kinase activity and 
DNA binding of nuclear c-Abl is regulated during the cell 
cycle (45). The significance of Abl cellular localization is 
corroborated by the observation that oncogenic forms re- 
side exclusively in the cytoplasm (45). Other nuclear PTKs 
include two members of the Src family of PTKs, which can 
be found in the nucleus as well as in the cytosol. The nu- 
clear localization of Fgr appears to be constitutive, whereas 
that of Src is induced by Ca 2 + ionophore (44). Two NLS 
sequences have been identified in the SH2 and tyrosine ki- 
nase domains of Fgr, but no analogous sites have yet been 
discovered in Src. The specific nuclear functions of these 
two kinases remains unknown (44). 

Although unexpected, nuclear ZAP-70 was seen both as 
a chimeric protein overexpressed in endothelial cells or at 
physiological levels in T cells, and as the native endogenous 
protein by immunofluorescence and biochemical analyses. 
The advantages of using GFP chimeras to study cell local- 
ization were highlighted in the-comparison of the GFP and 
immunofluorescence assay results. Ab detection of nuclear 
ZAP-70 was hindered by the nuclear membrane, leading to 
inaccurate results regarding the fraction of the molecule in 
different cellular compartments, both within a single cell and 
in the population as a whole. In contrast, the ZAP-70 GFP 
protein, produced within the cell, was detected efficiently in 
the nucleus of all cells, regardless of their expression levels. 
Moreover, the ability to quantitate the amount of ZAP-70 
GFP in individual cell fractions (46) facilitates the acquisi- 
tion of accurate data regarding the percent of the protein in 



different compartments under several stimulation conditions. 
Preliminary biochemical results suggest that one third of 
the total cellular ZAP-70 resides within the nucleus of rest- 
ing T cells (Fig. 6). Finally, the ability to visually study GFP- 
tagged proteins in living cells allows one to acquire precise 
and detailed kinetic measurements regarding protein redis- 
tribution in response to cellular stimulation, as shown by 
the results in Fig, 3. 

The details of ZAP-70 nuclear localization remain to be 
defined. Because nuclear pores set a physical barrier to pro- 
teins above ~40 kD, transit of ZAP-70 into the nucleus 
must be an active mechanism involving specific localization 
signals (47). Although no classical NLSs are obvious in the 
amino acid sequence, several candidate basic-rich regions 
can easily be highlighted (37). Moreover, the recent dis- 
covery of a novel receptor-mediated nuclear import path- 
way, using a nonclassical NLS, suggest other mechanisms 
for nuclear localization (48, 49). Interestingly, the lack of 
an NH 2 -terminal myristylation may facilitate nuclear local- 
ization of ZAP-70. Indeed, nuclear forms of Fgr lack the 
conventional NH 2 -terminal myristylation site, and addition 
of such a motif actually inhibits nuclear entry (45). The 
function of nuclear ZAP-70 is likewise uncertain. How- 
ever, the clear demonstration of its increased phosphoty- 
rosine content after anti-TCR stimulation (Fig. 9) strongly 
suggests that nuclear ZAP-70 is active. Indeed, many nu- 
clear tyrosine phosphorylated proteins were apparent after 
stimulation (data not shown), suggesting that nuclear PTKs 
are active in the cells. Further investigation should reveal 
informative data identifying which of these phosphorylated 
proteins are substrates of nuclear ZAP-70. Finally, the mech- 
anism of phosphorylation of nuclear ZAP-70 remains to be 
defined. The protein may be phosphorylated in the cytosol 
and subsequently shuttle into the nucleus, or alternatively 
be activated directly in the nuclear compartment. The mech- 
anism of nuclear ZAP-70 phosphorylation and the identity 
of its nuclear substrates will require further investigation. 
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AbkGrzungen 
CNTF: ciliary neurotro- 
phic factor, CT: Kafdio- 
trophin-1,G-CSF: granu- 
locyte colony stimulating 
lector, GFP; green fluo- 
rescent protein, IL = ln- 
torleuWn, JAB: Jak-bind- 
lag protein, LIF: leuke- 
mia Inhibitory factor, 
OSM: Onkostatin-M, 
SOCS: supressor of cy- 
tokine signaling, SSI: 
STAT-induced STAT in- 
hibitor, TGF: transform- 
ing growth factor. 



Molekulare Mechanismen der Eitfziin- 

6-Typ-Zytokinen uber den Jak/S IAI-weg 
Wii haben gefunden, daU IL-6 und die 
IL-6-Typ-Zytokine IL- 1 1 , Onkostatin-M, leu- 
kemia inhibitory factor, ciliary neurogenic 
factor und K.ardiotrophin-1 Uber den , 
Jak/STAT-Weg signalisieren. IL-6 wird zu- 
nachst mit niedriger Affinitat an seinen spen- 
fischen Rezeptor (gp80) gcbunden, der il- 
6/gp80-Komplex intmgiert in der Folge nut 
2 Molekulen des Signaltransduktors gpl30. 
Die Dimerisiening von gpl30 im hochafTmen 
Komplex aus IL-6, gp80 und gpl30 fuhrt zu 
einerAktivicrungvonTyrosinkinasenderJak- 
Familie. Hierbei spielt Jak 1 eine sehr wjchtige 
Rolle fur die Phosphorylierung von gpl30 
und die Aktivierung der Transkriptionsfakto- 
ren STAT1 und STAT3. Von den 6 Tyrosmre- 
sten in der zytoplasmatischen Domane von 
en 130 sind die 4 distalen Tyrosinreste fanig, 
STAT3 zu aktivieren, wahrend STAT1 nur von 
den letzten 2 Tyrosinresten aktiviert werden 
kann. STAT5 lafit sich nicht liber gp!30 tyro- 
sinphosphofyliereri. Die aktivienen STAT- 
Faktoren homo- oder heterodimerisieren una 
translozieren in den Zellkem, wo sie an En- 
bancer-Elemente von IL-6-Zielgenen bmden. 
Die IL-6-induziertc STAT-Fakxor-Transloka- 
tion konnte in transfizierten COS- und HeLa- 
Zellen mit Hilfe eines STAT3-OFP(green 
fluorescence protein)-Fus>onsproteins nach- 
gewiesen werden. Mit Hilfe spezifischer Ak- 
tivierung von STATl, -3 und -5 und des Em- 
satzcs von CAT-Reportergen- Assays in Hepa- 
toma(HepG2)-Zellen lieB sich eindeutig zei- 
gen daB IL-6-Zielgene wie y-Bbrinogen. 
Haptoglobin, Hamopexin und C-reaktives 
Protein hauptsachlich durch STAT3 induzier- 
bar sind. Bei der Diskussion der moghchen 
IL-6-Signalabschaltmechanismen werden Er- 
gebnisse zur Endozytose von rL-6/IL-6-Re- 
zeptorkomplexen vorgestelK. Es wild mit Hil- 
fe heterochimarer Rezeptoren gezeigt, daB In- 
temalisierung und Signaltransduktion zwei 
voneiriander unabhangige Prozesse sind. 



Molecular mechanisms of inflammatiZ. 
on: interleukin-6-type cytokine signaling 
through the Jak/SJT£Pjjathway 

We have found tfiaTlL-6 and the lL-6-type 
cytokines (IL-11, oncostatin-M, LIF, CNTF, 
CT-D signal through the Jak/STAT pathway. . 
IL-6 first binds to its specific receptor (gp80), 
the IL-6/gp80 complex subsequently interacts 
with 2 molecules of the signal transducer 
gpl30 resulting in a high affinity complex 
Ternary complex formation of IL-6, gp80, and 
epl30 results in the activation of the Jak fa- 
mily tyrosine kinases Jakl. Jak2, and Tyk2. 
Using mutant fibrosarcoma cells lacking the 
different Jak kinases, Jakl was found to play 
a major role in the tyrosine phosphorylation 
of gpl30 and activation of the transcription 
factors STAT1 and STAT3. Out of the 6 tyro- 
sine residues present in the cytoplasmic regi- 
on of gpl30 we have found that the 4 distal 
tyrosine residues are able to activate STAR, 
the last 2 tyrosine residues lead to STATl 
activation, whereas STAT5 could not be acti- 
vated via gpl30. After tyrosine phosphoryla- 
tion the STAT factors homo- or hetero-dime- 
rize and translocate to the nucleus where they 
bind to response elements of IL-6 target ge- 
nes The IL-6-induced STAT translocation 
could be shown in COS- and HeU cells with 
a STAT3-GFP fusion protein. By specific ac- 
tivation of STATl, 3, and 5 together with the 
use of CAT reporter gene assays in hepatoma 
(HepG2) cells we could show that IL-6 target 
genes (v-fibrinogen, haptoglobin, hemopexin, 
CRP) are mainly induced by STAT3. In pre- 
vious studies we have shown that IL-6 is in- 
ternalized and its receptor is down-regulated. 
A di-leucine motif in the cytoplasmic tail of 
gpl30 was found to be responsible for the 
endocytosis of TL-6/gp80. complexes. Using a 
hetcrochimeric receptor system we now show 
that internalization and signal transduction are 
2 independent processes. 
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Die ursprunglich definierten 5 Kardinal- 
symptome der Entzundung Calor, Rubor, Tu- 
mor, Dolor und Functio laesa sind heute zwar 
noch akzeptiert, aber durch eine enorme Zahl 
an zellbiologischen, biochemischen und mo- 
lekularbiologischen Befunden auf eine auBer- 
ordentiich komplexe molekulare Ebene ver- 
schoben worden. 

Aus der Vielzahl der am Entzllndungsge- 
schehen beteiligten Molekiile soli im vorlie- 
genden Beitrag die Gruppe der sogenannten 
Zytokine - dies sind honnonahnlicbe Poly- 
peptide - ausgewahlt und deren Signaltrans- 
duktion diskutiert werdcn. 



Zytokine _____ 

Zytokine sind ein wichtiger Bestandteil 
des Kommunikationssystems vielzelliger Or- 
ganismen. Als interzellulare Mediatoren regu- 
Ueren sie in nano- bis picomolaren Kon^ntra- 
tionen Wachstum, Differenzierung und 
spezifische Effektorfunktionen von Zellen. 
Zytokine werden im Unterschied zu Hormo- 
nen nicht als praformierte Molekiile in Driisen 
gespeichert, sondem von eincr Vielzahl ver- 
schiedener Zellen meist nach Stimulation 
rasch synthetisiert und sezemiert. Sie wirken 
auf zahlreiche verschiedene Zielzellen (Pleio- 
tropie) und beeinflussen die Wirkung anderer 
Zytokine in additiver, synergistischer oder 
antagonistischer Weise. Neben ihrer pleiotro- 
pen Wirkung ist die Wirkung der Zytokine in 
hohem MaBe redundant, d.h. viele biologi- 
sche Antworten kCnnen durch unterschiedli- 
che Zytokine hervorgerufen werden. 

Ihre Wirkungen, die auto-, para- oder auch 
endokrin sein konnen, entfalten Zytokine tiber 
spezifische Rezeptoren auf der Oberflache ih- 
rer Zielzellen (Obersicht [13]). 

Zytokine spielen fUr die lmmunantwort 
und wahrend entzundlicher Prozesse eine sehr 
wichtige Rolle. 



Entziindliche P rozesse 



logischen Erkrankungen (multiple Sklerose, 
Morbus Alzheimer), entzundlichen Nierener- 
krankungen (Glomerulonephrius), endokri- 
nologischen Autoimmunerkrankungen (Thy- 
reoiditis, Diabetes TVp I und entzundlichen 
GefaUerkrankungen (Atherosklerose) auf. 



in flammatori&che Zytokine 

Die inflarnmatorischen Zytokine lassen 

sich in 3 Gruppen untetteilen: 

_ friihe oder proinflammatorische Zytokine: 
Interteukin-1, Tumornekrosefaktor a, In- 
terferon 7, Interieukin-8, 

- lnterleukin-6-Familie: Interleukin-6, In- 
terleukin-ll, leukemia inhibitory factor, 
OnkosUtin M, ciliary neurotrophic factor, 
Kardiotrophin-1, 

- antiinflammatorische Zytokine: Interleu- 
Kin-4, Interleukin-10, Interleukin-13, 
transforming, growth factor fi. 

Die Mitglieder der lt-6-Farnilie kbnntn 
sowohl pro- als auch anriinflammatorische 
Wirkungen entfalten. 

Im folgenden soil auf diese Zytokin-Fami- 
lie und insbesondere auf das hier bestunter- 
suchte Zytokin IL-6 naher eingegangen wer- 
den, wobei besonderes Gewicht auf der 
Signaltransduktion.liegen soil. 



Entzundliche Prozesse treten u.a. nach In- 
fektionen (Sepsis), bei Gelenkerkrankungen 
(rheumatoide Arthritis, Osteoarthritis), neuro- 



lnterleukin^Typ-Zytojcine_ _ 

Die Interleukin^-Typ-Zytokine gehSren 
zu den sogenannten long chain 4-ct-helical 
bundle Zytokinen. Hierzu zShlen neben IL-6, 
IL-11, LEF, OSM, CNTT 7 und CT-1 auch Ery- 
thropoietin, Granulozytenkolonie-stimulie- 
render Faktor, Interleutrin- 12, Wachstumshor- 
nipn, Prolaktin, Interleukin- 10, Interferon a/P 
und Leptin. Obwohl diese Zytokine sich in 
ihrer Aminosiiuresequenz stark unterschei- 
den, weisen sie eine vergleicbbare Tertiar- 
struktur auf. Diese ist am Beispiel von Inter- 
lcukin-6 (Abb. 1) gezeigt. Die IL-6-Typ- 
Zytokine zeichnen sich dadurch aus, dafi ihre. 
piasmamembranrezeptoren eine gemeir_arae 
signaltransduzierende Untereinheit (gpl30) 
besitzen (Abb. 2). 
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nom- und Melanorazellen zu hemmen [1]. 
Wir habcn 1987 Interieukin-6 als Hepatozy- 
ten-stimuliefenden Faktor identifiriert [2]. 
Das Zytokin wirttauf Hepatozyten der Leber 
und induziert die Synthese von Akuiphasc- 
Proteinen wie C-reaktives Protein, Fibnno- 
gen Haptoglobin, Hamopexin, o r Antichy- 
motrypsin und aj-saurem Glykoprotein [9]. 
Die Akutphase-Proteine spielen einc wichtige 
Rollc als Inhibitoren proteolytischer Prozcs- 
se, wie der Blutgerinnung und der Fibrinoly- 
se', sowie als Transportprotcine im Blut. Die 
Regulation ihrer Synthese, wie auch das Ab- 
schalten der Reaktion nach Befceitigung der 
Stfirungsursache, erfolgen auf transkriptio- 
nellcr Ebene. Eine Stoning in diesem sensi- 
blen Regulationsmechanismus kann zu ttber- 
schieBenden Reaktionen und damit zu 
chronischen EntzUndungszustanden filhren 

Wie Interleukin-6, zeigen auch die ver- 
wandten IL-6-Typ-Zytokine cine pleiotrope 
Wirkung. 



Abb. 1. 



Strukturmodell von lnterteukin-6 [6]. 



lnterleukln-6 



Interleokin-6 spielt bei der Hiimatopoese. 
bei der Differenziening von Nervenzellen. T- 
Zelkn sowie B-Zellen, die zu Plasmazellen 
differenzieren, eine wichtige Rolle. IL-6 ist 
ein Wachstumsfaktor fUr Keratinozyten, Plas- 
mazytom- und Mesangialzellen. Andererseiis 
vermag IL-6 das Wachstum von Brustkarzi- 



lnterleukin-6-Slgnaltrans- 
duktion ________ 



Unserer Arbeitsgroppe ist es 1994 gelun- 
gen, den Signaltransduktionsweg von IL-6 
uber seinen Obeiflachenrezeptor bis bin zur 
Genregulation der Ziclgene im Zellkern in 
seinen wesentlichen Schritten aufzuklaren 
[11] (Abb. 3). 



IL-6 IL-11 LIF 



C"M CNTF OSM OSM 
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Abb. 2. 



^-e-Typ-ZytoKin^eptorBn benutzen den _ meinsamen Signal.ransduktor gp^SO- 



01/13/04 THE 07:06 FAX 6144472366 



CAS DDS 



l^] 005 



Heinrich, Behrmann, Qraeveetal 



126 




Abb. 3- Schematische Darsteliung der iL-6-Signaltransduktion. 



IL-6 bindet zunachst mil niedriger Affini- 
ty an seinen spezifischen Rezeptor gp80. Der 
IL-6/gp80-Komplex - der selbst kein Signal 
auslosen kann - interagiert in der Folge mit 2 
Rezeptorunttreinheiten, die als Signaltrans- 
duktor-Molekiile (gpl30) bezeichnet werden. 
Im Verband vor\ gp80 und den dimerisierten 
gpl30-Moleklilen wird IL-6 mit hoher Affini- 
tat (50 pM) gebunden. Die IL-6-Rezeptorst8- 
chiometrie wird zur Zeii kontrovers diskutiert 
Wahrend Grotzinger und Mitarbeiter [6] ei- 
nen Rezeptorkomplex aus einem IL-6, einem 
g p80 und zwei gpL30 diskutieren, zeigen Un- 
tersuchungen anderer Gruppen, daB der 1L-6- 
Rezeptorkomplex als Hexarner, bestehend aus 
zwei IL-6-, zwei gp80- und zwei gpl30-Mo- 
lekulen vorliegt [14, 17]. Die gpl30-Dimeri- 
sierung setzt eine Phosphorylitningskaskade 
in Gang, deren erster Schritt die gegenseitige 
Phosphorylicrung von Tyrosinkinascn der 
Jak-Familie ist. Die Janus-Kinasen Jakl, Jak2 
und TykZ die konstiuuiv and den membran- 
proxirnalen Bereich der zytoplasmatischen 
Domane von gpl30 binden, werden Tyrosm- 
phosphoryliert und damit enzyraatisch akiiv. 



In der Folge werden verschiedene Tyrosinre- 
ste im zytoplasmatischen Teil von gpl30 
phosphoryliert. Die Phosphotyrosine fungie- 
ren als Andockstellen fiir Transkriptioris- 
faktoren der STAT(signal transducer and 
activator of transcription)-Familie. Die STAT- 
Faktoren STAT I und STAT3, die an ihren 
C-terminalen Enden eine lyrosinphosphory- 
lierungssteUe und eine Src-Homologiedoma- 
ne (SH2-Domane) besitzen, binden Uber ihre 
SH2-Domanen an Phosphotyrosin-Reste im 
zytoplasmatischen Teil von gpl30- Die Jak- 
Kinasen konnen nun auch die STAT-Faktoren 
an C-terminalen Tyrosin-Resten phosphory- 
lieren. Wahrend die Tyrosin-phosphoryHerten 
STAT-Faktoren den Rezeptorkomplex verlas- 
sen, wird letzterer durch Endozytose in die 
Zelle aufgenommen. Die aktivierten STAT- 
Faktoren homo- und/odcr heterodimerisieren 
liber Fhosphotyrosin-SH2-lnteraktionen, E9 
schlieBt sich eine Serin-Phosphorylierung 
von STAT1 bzw. STAT3 im Zytoplasma an. 
Die hierflir verantwortliche, durch H7 hemm- 
bare Scrinkinase konnte bisher noch nicht 
identjfizien werden. Nach Trans lokation der 
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Abb. 4. Translocation von STAT3-GFP in den Zell- 
Kem nach Stimulation mit IL-6 und seinem loslichen 
BBzeptor. 



dimeren STAT-Faktoren in den Zellkern bin- 
den diese an Enhancer-Elememe von IL-6- 
Ztelgenen und regulieren deren TYanskription. 
Die Translation der STAT-Faktoren konnte 
nach Transfektion von STATl/3-GFP(green 
fluorescence protein)-Fusionsproteinen in 
COS- und in HeLa-Zellen, die mit IL-6 und 
seinem loslichen Rezeptor stimuliert wurden. 
nachgewiesen werden. Die Fluoreszenz, die 
in urtstimulierten Zellen zunachst Uber die 
gesamte Zelle veneiJt ist, liefi sich schon 30 
Minuten nach Stimulation mit IL-6 im Zell- 
kern beobachten (Abb. 4). 

Der Einsatz von humanen Fibrosarkom- 
Zellinien. die beziiglicb der Jak-Kinasen Jakl , 
Jak2 odcr Tyk2 defizient sind, erlaubte die 
Beantwortung derFrage, welche der 3 Jak-Ki- 
nasen die zentrale Rolte in der IL-6-Signal- 
transduktion spielt. Es wuide nach Stimulati- 



on der verschiedenen Jak-defuienten Fibro- 
sarkomzellen mit IL-6 und seinem I6slichen 
Rezeptor eindeutig nachgewiesen, daB nur die 
Jakl-defizienten Zellen eine nahezu vollstan- 
dig eingeschrfinkte Tyrosinphosphorylierung 
von gpl30, keine Tvrosinphosphoryliening 
von STAT1 und eine stark verminderte Tyro- 
sinphosphorylierung von STAT3 aufwiesen 
[7]. Diese Versuche unterstreichen die zentra- 
le Rolle von Jakl ira Iriterleukin-6-Signal- 
weg. 



Welche Tyrosinreste aktlvieren 
welche STAT-Faktoren? 



Da der zytoplasmatische Teil des Signal- 
transduktors gpl30 stchs Tyrosinreste ent- 
halt, haben wirmit Hilfe chim&rerRezeptoren 
versucht, die Frage zu beantworten: Welche 
Tyrosine aktivieren welche STAT-Faktoren? 
Dazu wurden die in Abbildung 5 dargestellten 
Rezeptor-Chimaren benutzt (Extrazelluiar- 
Domane des Erythropoietin-Rezeptors, 
Transmembran-Domfine von gpl30 sowie 60 
Aminos&uren der sogenannten BoXl- und 
Box2-Region von gpl30, an die die verschie- 
denen gpl30-TVrosinpeptide fusioniert wur- 
den). Nach Ko-Expression dieser Chim&ren 
mit STAT1 oder STAT3 in COS-ZeUen lieB 
sich zeigen, daB die distalen Tyrosine 915, 
905, 814 und 767 imstande sind, STAT3 zu 
aktivieren und dafi STAT1 nur von den Tyro- 




Abb. 5. Erytnropoietln-gp1 30-Rezeptor-Chlm&re. 
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Abb. 6. STAT1- und STAT3-Aktivierung durch 
PhO$photyrosln-Modu1e im rytoptasmatischen Tell 
von gp130, 
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Abb. 7. STAT3 spielt bel der Regulation von Akut- 
phase-Protein- upd Immedlate-early-Gen-Promoto- 
ran gegenuber STAT1 und STATS eine herausra- 
gende Rolle. 



sinrnodulen 915 und 905 aktivjert werden 
kann [5]. 

Abbildung 6 zeigt schematisch unsere 
Befunde. Auch im Kontext dcs gesamten 
zytoplasmatischen Tcils von gpl30, in dem 
samtliche Tyrosinreste .durch Phenylalanin 
ausgetauscht und nachfolgcnd die einzelnen 
Tyrosine zuruck"mutiert" wurden, ergab sich 
das gleiche Bild der Aktivierbarkeit der STAT- 
Faktoren 1 und 3 (Schaper, Eck, Schmiu> 
unverfiffentHchte Ergebnisse). 



Spezifitat der STAT-Faktoren 1, 
3 und 5 bei der Regulation von 
Akutphase- und 

Immedlate-early-Genpromotoren 



Der Jak/STAT-Signaliransduktionsweg 
wird von einer VIelzahl von Zytokinen.und 
Wachsmmsfaktoren genutzt, die so verschie- 
deoe Effekte wie die Synthese von Akutpha- 
se-Proteinen, die Sekretion von Milchprotei- 
nen und die Zellteilung oder Differenzierung 
vermitteln. Es stellte sich daher die Frage, wie 
hierbei mit nur 4 Jak-Kinasen und 7 STAT- 
Faktoren fur jedes Zytokin die Spezifitat sei- 
ner Antwort erreicht wild. Dabei spielt sicher- 
lich eine Rolie, daB jedes Zytokin nur einen 
oder auch mehrere bestimmte STAT-Faktoren 
aktiviert Damit die$e gezielte Akiiviemng 
von STAT-Faktoren auch tatsfichlich zur Spe- 
zifitat der Antwort tuhrt, mui3 angenommen 
werden, daB die verschiedenen STATs selek- 
tiv bestimmte Gene regulieren. Wir haben da- 
her die Promotoren verschiedener Gene, die 
durcb IL-6 und damit also potentiell durch 
STAT1, -3 oder -5 reguliert werden, auf ihre 
Induzierbarkeit durch die drei genannten 
STAT-Faktoren untersucht 

Ebenfalla mit Hilfe von chimaren Ery- 
thropoetin/gpl30-Rezeptoren, die spezifisch 
STAT1. STAT3 oder STATS nach Stimulation 
mit Erythropoetin zu aktivieren vermBgen, 
konnte in mit STAT3 und verschiedenen 
Akutphase - Protein -Promotor -Reportergen- 
Konstrukten transfizierten Hepatoma(HepG2)- 
Zellen eindeutig gezeigt werden, daB STAT3 
eine Hauptrolle in der Akiiviemng der Tran- 
skription der Akutphase-Gene y-Fibrinogen, 
CRP, Haptoglobin und Hamopexin sowie der 
Immediate-erly-Gene JunB und ICAM1 
spielt (May, Dissertation, Aachen 1997) 
(Abb, 7). 

Wie wird das IL-6-Signal 
abgeschaltet? ' 



. Ein wichtiges Problem der Zytokin-Si- 
gnalrransdoktion ist die Frage nach dem Ab- 
schaltmechanismus. Hierzu werden verschie- 
dene Moglichkeiten diskutiert: 
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Abb 8 Schematised Darstallung der ,L-6-Typ-Zyto^Signaltransdu^on und deren F^back-Regu- 
lation durch Jak-kinase-lnhibitoren der 50CS-Famll». 



- eine Tyrosin-Phosphatase im Z*llkern de- 
phosphoryliert die alctivieiten STAT-Fak- 
toren [8], 

die STAT-Faktoren werden dutch nukleiire 
Proteasomen degradiert [10], 

- Phosphotyrosin-Fhosphause(n) dephos- 
phorylicren Rezeptor-assoziierte Proteine 
wie Jak-Kinasen und STAT-Faktoren, 

- intrazcllulaxe Jak/STAT-Inhibitoren wer- 
den synthctisicrt [4, 12, 15), 

- die Zytokinrezeptoren werden via Endo- 
^ytose internaiisiert [3, 16]. 

Wahrend cine STATl-Degradarion durch 
nukkaie Proteasomen nachgewiesen wurde 
[10], konnte fUr STAT3 dieser Weg der Inak- 
tiviemng nach Verwendung des Proteasoroen- 
Inhibitors Laktazystin nicht beobachtet wer- 
den (KUster und Heinrich, unveroffentlicht). 
Neueste Befunde verschiedener Arbeitsgrup- 
pcn [4, 12, 15] *eigen, daB es nach IL-6-Ein- 
wirkung zur Induktion und Synthese von Jak- 
Kinase-lnhibitoren komrnt (Abb. 8). 



Endozytose von IL-6, gp80 
und gpl30 

Die Untersuchungen in unserer Arbeits- 
gruppe habcn ergeben, daB es zwischen 30 
und 60 Minuten nach Bindung von IL-6 an 
seine Rezeptor-Untereinheiten gp80 und 
gpl 30 zu einer Internalisierung des gesamten 
Rezeptorkomplexes kommt. Verantwortlich 
fur die Endozytose ist ein Di-Uuzin-Motiv 
(STQPLL) in der zytoplasmatischen Region 
von gpl30. Dieses Motiv bewirkt auch schon 
6ine Liganden-unabhSngige Internalisierung 
von gpl 30 [3], Der Austausch der Leuzinreste 
durch Alanin ftihrt zum Verlust der Intemali- 
sierungsfahigkeit von gpl 30 [3]. 

Mit Hilfe heterochimarer Rezeptoren, die 
als Extf azellular-Dom&nen die a- bzw. |3-Re- 
wptor-Untereinhejten des IL-5-Rezeptors 
tragen, wares uns rnogttch nachzuweisen, daB 
Internalisierung und STAT-Aktivierung zwei 
voneinander.unabhangige Prozesse sind [16]. 
Nach Co-Transfektion von COS-Ze)len mit 
lL-5-Rezeptor-a bzw. -p/gpl30-Heterochi- 
maren werden die Internalisierung von radio- 
aktiv markiertem TL-S und einc STATl-Akti- 
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vierung nach Stimulation mil IL-5 beobach- 
tet. Die Deletion der zytoplasmatischen Do- 
mftne von gpl30 resultiert in einem Verlust 
der Intemalisieningsfahigkeit und der 
STATl-Aktivierung. Wird im heterochimSren 
Rezeptor im zytoplasmatischen Tbil von 
gpl30 das Di-Leuzin-Motiv durch Ala- Ala 
ausgetauscht, geht die Fahigkeit zur Intemali- 
siemng verloren, wahrend die STAT-Aktivie- 
rung erhalten bleibt. Nach Deletion des Mem- 
bran-proximalen Teils von gpl30, der fiir die 
Bindung der Jak-fCinasen verantwortlich ist, 
wird cine nahezu unveranderte Internalisie- 
rung beobachtet, die STATl-Aktivierung 
bleibt aber aus. Diese Befunde zeigen eindeu- 
tig, dafl Intemalisierung und Signaltransduk- 
tion zwei unabhftngig voneinander ablaufen- 
de Prozesse sind [16). 

Aus Tabelle 1 soil klar werden, dafi eine 
grolk Zahl yod Zytokinen und Wacbstums- 
faktoren. die in entztindlichen Prozessen eine 
wichtige Rolle spielen. uber den Jak-/STAT- 



Weg signalisieren. Nicht aufgefiihrt sind Zy- 
tokine/Hormone, die Uber G-Protein gekop- 
pelte Rezeptoren ebenialls STAT-Faktoren zu 
aktivieren vermogen. 
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Secretory-granule dynamics visualized in vivo with a phogrin-green 
fluorescent protein chimaera 
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To image the behaviour in real time of single secretory granules 
in neuroendocrine cells we have expressed cDNA encoding a 
fusion construct between the dense-core secretory-granule-mem- 
brane glycoprotein, phogrin (phosphatase on the granule of 
insulinoma cells), and enhanced green fluorescent protein 
(EGFP). Expressed in INS-1 /?-cells and pheochromocytoma 
PCI 2 cells, the chimaera was localized efficiently (up to 95 %) to 
dense-core secretory granules (diameter 200-1000 nm), identified 
by co-immunolocalization with anti-(pro-)insulin antibodies in 
INS- J cells and dopamine ^-hydroxylase in PC! 2 cells. Using 
laser-scanning confocal microscopy and digital image analysis, 
we have used this chimaera to monitor the effects of secretagogues 
on the dynamics of secretory granules in single living cells. In 
unstimulated INS-1 /?-ce!ls, granule movement was confined to 
oscillatory movement (dithering) with period of oscillation 5-10 s 
and mean displacement < 1 jim. Both elevated glucose con- 



centrations (30 mM), and depolarization of the plasma mem- 
brane with K + , provoked large (5-10 /<m) saltatory excursions of 
granules across the cell, which were never observed in cells 
maintained at low glucose concentration. By contrast, long 
excursions of granules occurred in PCI 2 cells without stimulation, 
and occurred predominantly from the cell body towards the cell 
periphery and neuritc extensions. Purinergic-receptor activation 
with ATP provoked granule movement towards the membrane 
of PC 12 cells, resulting in the transfer of fluorescence to the 
plasma membrane consistent with fusion of the granule and 
diffusion of the chimaera in the plasma membrane. These results 
illustrate the potential use of phogrin-EGFP chimeras in the 
study of secretory-granule dynamics, the regulation of granule- 
cytoskeletal interactions and the trafficking of a granule-specific 
transmembrane protein during the cycle of exocytosis and 
endocytosis. 



INTRODUCTION 

Glucose activates exocytosis of insulin from islet /?-cells through 
an increase in intracellular free [Ca 2+ ], prompting the fusion of 
granules located close to or docked at the plasma membrane [1]. 
Glucose may also promote the recruitment to the plasma 
membrane of granules located deeper within the /?-cell interior 
[2,3]. Similarly, in adrenal chromaffin cells, neurotransmitter- 
induced [Ca 2+ ] increases provoke the release of stored catechol- 
amines [4]. Whether granules remote from the plasma membrane 
are recruited in this cell type is unclear. 

Investigation of granule dynamics in living cells represents a 
considerable technical challenge. Techniques used in the past 
include cinematography and video-imaging of the movement of 
dense bodies (assumed to be secretory granules) in flattened cells, 
using a phase-contrast light microscope [2,3,5]. Recent studies 
[6-8] have employed granule-membrane cargo proteins, fused to 
green fluorescent protein (GFP) [9], to measure vesicle dynamics 
and exocytosis. However, these studies are hampered by the fact 
thai only a proportion (40% [8] to 70% [6]) of the expressed 
fluorescent reporters are targeted correctly to mature secretory 
granules. Instead, there is significant retention of the proteins in 
the endoplasmic reticulum and trans-Golgi network [8] and 
direction of the proteins to other vesicles, possibly of the non- 
regulated secretory pathway [6]. This problem is also com- 
pounded by the uncertain stability and fluorescence properties of 
GFP in the low-pH environment of the granule lumen. Although 



the exocytotic event can be imaged by this approach, it is not 
possible to monitor the fate of the granule membrane, or 
membrane proteins, after fusion with the plasma membrane. 

To monitor granule movement and exocytosis in single living 
cells we have constructed a recombinant cDNA encoding a 
chimaera between the granule-specific transmembrane glyco- 
protein phogrin (phosphatase on the granule of insulinoma cells) 
and an enhanced form of green fluorescent protein (EGFP) [9]. 
Phogrin was originally identified using antibodies to highly 
enriched insulinoma dense-core granule membranes to probe a 
rat insulinoma cDNA-expression library [10]. Phogrin (1004 
amino acids) is a type 1 transmembrane glycoprotein of mature 
M v 60000-64000, consisting of an N-terminal intralumenal do- 
main, a transmembrane domain and a C-terminal cytosolic 
protein tyrosine phosphatase domain. When expressed in anterior 
pituitary AtT-20 cells in native form (J. C. Hutton, unpublished 
work), or as a fusion with aequorin in insulin-secreting INS-1 
cells [11], phogrin is sorted efficiently to dense-core secretory 
granules, which constitute the major intracellular pool of the 
protein. Fusion of EGFP at the C-terminus of phogrin therefore 
is predicted to place EGFP exclusively on the outer surface of the 
granule, exposed to the cytosolic environment. 

Using the phogrin-EGFP chimaera, we have examined the 
behaviour of dense-core secretory granules in two neuroendo- 
crine cell types; islet INS-1 /?-cells are a highly differentiated [12] 
and glucose-sensitive insulinoma cell line that provides a model 
of islet /?-cells [13,14]. Pheochromocytoma ceils are derived from 



Abbreviations used: phogrin; phosphatase on the granule of insulinoma cells; GFP, green lluorescent protein; EGFP. enhanced green fluorescent 
protein; D-/?H, dopamine ^-hydroxylase. 
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Figure 1 Construction and expression of phogrin-EGFP 

(a) Strategy lor phogrin-EGFP construction, cDNA encoding full-length phogrin, minus TAG 
stop codon (1003 amino acids), was generated by PCR amplification {see Methods section) with 
flanking £coR1 and Age\ restriction sites. Ligation with Age^ -digested plasmid pEGFP-NI 
produced cDNA encoding the in-trame phogrin-EGFP chimaera. (b) Predicted type I membrane 
topology ot the expressed chimaera. with EGFP lying on the cytosolic surface of the granule. 
The protein tyrosine phosphatase (PTP) domain, likely di-lysine (KK) cleavage site and di- 
teucine (LL) localization domain are shown. 



an adrenal chromaffin cell tumour [15], secrete catecholamines, 
and are a widely used model of sympathetic neurones. Wc 
demonstrate that the phogrin-EGFP chimaera is targeted ef- 
ficiently to dense-core secretory granules in each of these cell 
types. This allows the monitoring of granule movement before 
exocytosis, and the fate of this granule membrane protein after 
vesicle fusion. 

Time-lapse movies accompany this paper, and are presented 
on the World Wide Web at the URLs given in the Figure legends. 

MATERIALS AND METHODS 
Materials 

Tissue-culture reagents were obtained from Gibco-BRL Ltd. 
Guinea-pig anti porcine (pro-)insulin antiserum was obtained 
from Dako Ltd., Bucks, U.K, and rabbit anti-dopamine /?- 
hydroxylase (D-/?H) antibodies from Biogenesis (Poole, Dorset, 
U.K.). Other reagents were from Boehringer Mannheim (Mann- 
heim, Germany) or Sigma (Poole, Dorset, U.K.). 

Methods 

Plasmid construction 

cDNA encoding the entire coding region of phogrin was amplified 
by PCR using ExpandTaq 1 ^ (Boehringer Mannheim) with for- 
ward primer 5'-T.TTT. GAATTC .GACGAG.ATG.GGG.- 
CTA.CCG.CTC.CG-3', including an EcoR\ restriction site 
(underlined), and a Kozak sequence, and reverse primer 5'- 



TTT. TACCGQTCC. CTG. G GG. A A G.GGC.CTT.C AG- 3' 
(with Age\ site underlined). The 3.01 kb PCR product was 
digested and subcloned into plasmid pNl-EGFP (Clontech) 
encoding EGFP(S C5 T, F C4 L, and codon-usage mutations) under 
cytomegalovirus immediate-early gene promoter control. 

Cell culture and microinjection 

INS-l [12,14] and PC12 [II] cells were cultured as described 
previously, on poly-L-lysine (Sigma) or collagen (murine type IV ; 
Becton-Dickinson Labware, MA, U.S.A.)-coated coverslips, re- 
spectively. cDNA was introduced by microinjection at 
0.35 mg -ml" 1 in 2mM Tris/HCl/0.2 mM EDTA (pH 8.0) as 
described [16]. Following microinjection, cells were incubated for 
16-24 h in an atmosphere of 5% C0 2 . 

Immunocytochemistry 

Cells were fixed and permeabilized 24 h after microinjection with 
4 % ( v / v ) paraformaldehyde/0.2% Triton X-100. Intrinsic 
EGFP fluorescence was maintained under these conditions. 
Primary polyclonal antibodies to (pro-)insulin (1 : 1 00 dilution) 
and to D-/?H (1:100 dilution) were revealed with tetramethyl- 
rhod a mine-conjugated secondary antibodies, in 0. 1 % (v/v) BSA. 
Cells were washed with PBS between incubations and mounted 
on coverslips with Mowiol before analysis. Confocal images were 
captured using a laser-scanning confocal microscope (Leica TCS 
4D/DM IRBE; 63 x/1.32 NA PL-Apo oil-immersion lens) 
equipped with a krypton/argon laser (488 and 568 nm excitation 
lines), and analysed off-line using Adobe Photoshop 3.0®. 

in vivo confocal imaging 

Prior to imaging, cells were incubated for 30min in Krebs- 
Ringer medium comprising 125 mM NaCI, 3.5 mM KC1, 1.5 mM 
CaCl 2) 0.5 mM MgSO,, 0.5 mM KH 2 P0 4 , 2.5 mM NaHCO,, 
3 mM glucose, and 10 mM HepesNa" (pH 7.4), equilibrated with 
a 95:5 0 2 :C0 2 mixture. Cells were then transferred to the 
thermostat-controlled (37 °C) stage of a Leica TCS 4D/DM 
IRBE inverted-optics confocal microscope, fitted with a 40 x /1 .0 
NA PL Fluotar oil-immersion objective, and controlled by TCS- 
NT4 software (Leica). Cells were maintained in Krebs-Ringer 
medium (0.5 ml), which was replaced with the same medium but 
containing additions (pre-warmed to 37 °C) when required 
(exchange time < 15 s). Two scans were performed for each 
image; this allowed capture of images of sufficient quality for 
image analysis every 5 s, and ensured minimum bleaching of 
EGFP fluorescence. Laser power did not exceed 50 % and typical 
pinhole sizes and photomultiplier gains were 0.4 and 
500-580/1000, respectively. 

Image analysis 

Images were exported as TIFF files and processed using 
Adobe Photoshop 3.0 e . After conversion of files to GIF 
format (PaintShop Pro), time-lapse image sequences were 
prepared using a GIF construction set (Shareware, URL 
http://www.mindshop.com). Scale bars were calculated using 
the Leica software; in a typical experiment (40 x objective mag- 
nification, 4 x zoom) the 512 x 512-pixel image corresponded to 
a 60 x 60 pirn box (i.e. 0.117 /im pixel width). 

Granule movement was analysed using NIH Image (freeware 
from ftp ://zippy. nimh.nih.gov/pub/image/) and GIF construc- 
tion sets. The velocity of individual granules was calculated from 
the movement between successive images. 
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Insulin radio-immunoassay 

INS-l cells were cultured, for 48 h in 96-well microtitre plates, 
before the assay of insulin release in Krebs-Ringer medium (for 
details see above) [ 1 3] by competitive radio-immunoassay (Linco 
Res. Inc., MO, U.S.A.). 

Statistical analysts 

Data are given as the mean±S.E.M. for the number of ob- 
servations shown. Statistical significance was calculated with 
paired Student's Mesis, assuming equal variances. 

RESULTS 

Imaging granule movement in INS-1 /?-cells with expressed 
phogrin-EGFP 

The structure of the chimaeric phogrin-EGFP cDNA construct, 
and the domain structure and predicted topology of the expressed 
recombinant protein, are shown in Figure 1. 

Using immuno-electron microscopy and an incorporated epi- 
tope tag, we have demonstrated previously that a chimaera 



similar to phogrin-EGFP, phogrin aequorin [11], is targeted 
efficiently at (pro-)insulin-containing granules in INS-1 cells. In 
the present study, we used confoca! microscopy to determine 
the subcellular distribution of the intrinsic fluorescence of the 
phogrin-EGFP chimaera, compared with that of immunostained 
insulin. This approach was complicated by the fact that per- 
meabilization adequate to allow labelling of secretory granules 
with anti-insulin antibodies caused a loss of EGFP-derived 
fluorescence. Thus, strong EGFP-derived fluorescence was 
usually observed in cells that were not labelled with anti-insulin 
antibodies. Nevertheless, under optima! permeabilization con- 
ditions, expressed phogrin-EGFP was localized in INS-1 cells to 
> 95% of insulin-containing vesicles (Figures 2a-c). However, 
approx. 60% co-localization to (pro-)insulin-containing struc- 
tures (Figures 2d-f) was observed more usually, as a result of the 
above limitation. In cells where close co-localization between 
the chimaera and insulin was revealed, we could not detect 
phogrin-EGFP-positive, insulin-negative, nor phogrin-EGFP- 
negative, insulin-positive structures (data taken from > 50 in- 
dividual INS-1 cells from 4 separate cultures). However, there 
were significant differences in the ratio of phogrin : insulin-derived 
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Figure 2 Localization of phogrin-EGFP to dense-core secretory vesicles in INS-1 and PC12 cells 

(a-c) Co-localization wilh (pro-)insulin in INS-1 y3f-cells. Cells expressing phogrin-EGFP were fixed and probed with polyclonal anii-(pro-)in$ulin antiserum, lollowed by letramethyl-rhodamine 
(TRITC)-conjugaled rabbit anii-guinea-pig IgG as secondary antibody, (a) Intrinsic EGFP fluorescence (488 nm excitation); (b) TRITC-fluofescence (568 nm excitation); (c) overlay ol (a) and (b). 
(d, e) As (a-«) but with a ditlerent individual cell, examined at higher magnification (scale bar = 1 pm). (I) Overlay ol (d) and (e). (g-i) Co-localization ol phogrin-EGFP with 0-/?H in tixed 
PCI 2 cells probed with polyclonal rabbit anti-D-/jfH primary antibody, and TRlTC-conjugated anti-rabbit IgG as secondary antibody. Note the close colocalization observed in the arrowed granules. 
Scale bars = 2 //m. 
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Figure 3 Effect of glucose on dense-core secretory-vesicle dynamics in living INS-1 cells 

Fluorescence was monitored in a single INS l cell expressing phogrin-EGFP, by scanning coniocal microscopy. Images were the mean ol two scans obtained within a 5 s interval, as described 
in the Methods section, {a) One image ol 15 obtained in the presence of 3 mM glucose; (b) Image 16 ol 35 obtained alter addition ot 30 mM glucose. Images were corrected off-fine for progressive 
fluorescence loss by photobleaching {approx. 20% during the course of the experiment). These images are presented as time-lapse movies that can be accessed through the World Wide Web 
by connecting to URL: http://www.BiochemJ.org/bj/333/bj3330l93add.htm. The presence of glucose at 30 mM is indicated in the time-lapse movie. The movement ol the individual granules 
shown (lower panels) was plotted from the obtained confocal images using NIH Image. The initial position of the centre of each granule (approx. size indicated by the circle) was that in image 
i (ielt panel, 3 mM glucose). In the right panel (30 mM glucose), numbers indicate the frame number in which the granule occupied the position shown. Scale bars = 2 jum. 



fluorescence between individual granules (Figure 2, a versus b). 
The dimensions of the doubly labelled structures (200-500 nm) 
corresponded closely with those of dense-core secretory vesicles 
[17]. 

The majority of granules that could be observed in the focal 
plane (approx. 500 nm deep) of an individual living INS-1 cell 
displayed linear, back-and-forth movements, with a period 
(5-7 s) close to that of the rate of data acquisition (Figure 3). The 
amplitude of these movements was within 2-3 times the diameter 
of the granule. Analysis of the movement of granules in a further 
single cell is presented in Table 1. Maintained in low glucose 
concentration (3 mM), no granule was observed to move more 
than 1 /im (approx. 5 granule diameters) from its point of origin 
during a typical 2.5 min observation (data taken from 18 
individual cells from separate cultures). Elevation of the glucose 
concentration to 30 mM, sufficient to provoke a 2.2-fold increase 
in insulin release from cell populations (Table 1), increased 
markedly the movement of the granules (Figure 3; Table 1). 



Under these conditions, it was possible to detect the movement 
of individual granules over much longer distances (up to 5 fim). 
For example, elevation of glucose concentration provoked the 
excursion of two granules in the cell shown in Figure 3(b) 
(granules #4 and' #5). In this experiment, granules can also be 
seen to be moving in and out of the focal plane (i.e. along the z 
axis) after the addition of 30 mM glucose. In seven out of eight 
separately cultured cells examined in the presence of 30 mM 
glucose, the movement of two or more granules in this manner 
was detectable in a 2.5 min data-acquisition period. 

This effect of glucose was also mimicked by cell depolarization 
provoked with 70 mM KG. Measured in cell populations, 
stimulation with high K + concentration (56 mM), led to a 2.7- 
fold stimulation of insulin release (Table 1). In Figure 4, a single 
INS-1 cell was maintained initially in the presence of 3 mM 
glucose before the addition of 70 mM K* (indicated in the time- 
lapse movie). The granule in the centre of the cell (over the 
nuclear region, granule #5) remains fixed during three acquisition 
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Table 1 Ellect oi glucose and KCI on granule movement and insulin 
secretion in INS-1 ceils 

Granule movement was determined for a single INS-1 cell, individual granules were identified 
and the maximum distance moved (in granule diameteis) by each granule from its starting 
position was calculated duiing 15 data acquisitions (75 s). The number of individual granules 
examined is given in parentheses. High [KCI] = 70 mM (granule movement) or 56 mM 
(insulin release). Insulin release (ng of insulin- 100 000 cells" 1 -30 min" 1 ) was measured in 
lour separate cultures, 'p < 0.05, "'p< 0.001 for the eflecl of 30 mM glucose. 



Concentration 
(glucose or K + ) 


Granule movement (diameters) 


Insulin 
secretion 


3 mM glucose 


0.7 + 0.17(26) 


9.1 ±2.1 


30 mM glucose 


3.2 ±0.58"* (20) 


17.1+2.3* 


3 mM glucose 


1.08 + 0.26 (15) 


9.1+2.1 


3 mM glucose + high KCI 


4.42 + 2.03* (13) 


24.5 ±2.4* 





Figure 4 Effect ot K + on secretory-vesicle dynamics in living INS-1 cells 

Fluorescence was monitored as described in the Figure 3 legend, (a) Image 1 of 15 acquired 
in the presence of 3 mM glucose aione, (b) Image 1 ol 24, obtained in the presence ot 70 mM 
KCI. Note the movement ol the indicated granules (see the Results section lor lurthei details). 
Bleaching ot fluorescence was minimal in this experiment, and the images are shown as raw 
data. These images are presented as time-lapse movies that can be accessed through the World 
Wide Web by connecting to URL: hitp://www.BiochemJ.org/bj/333/bj33301 93add.htm. 
Movement ot the indicated granules is shown in the corresponding panels. Scale bars = 
2 /y.m. 



periods after K + addition, before moving approx. 2/*m in the 
next three frames, pausing and then moving approx. 4 /on in 
the next three frames. This represents a maximum velocity of 
approx. 0.2/im-s* 1 . Similar behaviour was noted in a further 
granule (#4), whereas a third (#6) barely moved from its point of 
origin. 

No clear evidence of fusion of phogrin-EGFP-containing 
granules with the plasma membrane was apparent in INS-1 cells. 
This may reflect either (i) the relatively low exocytotic activity of 



this cell type, or (ii) a transient interaction between phogrin- 
EGFP and the plasma membrane, which does not lead to net 
accumulation of fluorescence. We therefore sought evidence for 
membrane fusion in an alternative neuroendocrine cell type, 
PCI 2 cells, which exhibit a substantially higher secretion rate in 
terms of percentage loss of cellular hormone content over time. 

Granule movement and exocytosis in PC12 cells 

We have reported previously [li] that PC12 cells respond 
dramatically to stimulation with the purinergic receptor agonist, 
providing robust exocytosis, monitored by the recruitment to the 
plasma membrane of the lipophilic dye, FM1-43 [18]. Phogrin- 
EGFP was targeted efficiently to dense-core granules in PCI 2 
cells, again co-localizing closely with the dense-core granule 
marker, D-/?H (Figures 2d-f). In these cells, which had evident 
neurite extensions, movement of vesicles from the centre of the 
cells and into the neurites was clearly apparent, even in this 
absence of a stimulus (Figure 5a). The maximum velocity 
achieved in these long excursions was similar to that of INS-1 
granules, i.e. approx. 0.2-0.5 ^nv s" 1 . Stimulation of PCI 2 cells 
with ATP activates P 2U purinergic receptors and produces 
sustained increases in intracellular [Ca 2 *] [11]. ATP challenge 
caused apparently directed movement of granules towards the 
plasma membrane (Figure 5b). This led to a clear increase in 
plasma-membrane luminescence (Figure 5, c versus b), pre- 
sumably the result of the arrival and diffusion of the labelled 
phogrin during exocytosis, followed by diffusion into the plasma 
membrane. 

DISCUSSION 

We have compared the dynamics of vesicle movements in INS- 
1 /?-cells and PCI 2 neurones, using a phogrin-EGFP chimaera. 
This chimaera was targeted to secretory vesicles in both cell 
types, causing the intense fluorescence of individual granules. 
This allows granule movement to be monitored readily by laser- 
scanning confocal microscopy. As such, the technique offers a 
number of advantages over those used previously to monitor 
granule movement and exocytosis in living /?-celis. The complete 
co-localization of the chimaera with insulin or D-/?H eliminates 
concerns about the identity of the observed granule, a problem 
which hampers the use of cargo proteins to target GFP to 
granules [6-8]. Compared with phase-contrast video-microscopy, 
the use of phogrin-EGFP only detects the movement of granules, 
with other dense-core bodies (lysosomes, for example) being 
unlabelled. Furthermore, the use of digital confocal imaging 
allows analysis of cells with unffattened morphology, which is 
difficult or impossible with phase-contrast microscopy [2]. 
Finally, this technique allows conventional confocal microscopy 
to be employed to monitor the recruitment of a vesicle-membrane 
protein to the plasma membrane during exocytosis. This elim- 
inates the need for specialized evanescence-wave approaches [6], 
In the two cell types examined, the behaviour of secretory 
granules was quite distinct, both in unstimulated cells and after 
stimulation with [Ca 2+ ]-raising secretagogues. In unstimulated 
INS-1 /?-cells, granule movement was confined to small oscillatory 
movements, typically of less than 2-3 granule diameters from the 
starting location during a 2.5 min observation period. High 
glucose or K + concentrations increased the likelihood of these 
movements (Table 1), and also provoked longer, saltatory 
excursions of the granules (Figures 3 and 4). These appeared 
linear, undirected, and occurred with equal probability towards 
or away from the plasma membrane. Since these movements can 
only be detected if they occur in the focal plane, our observation 
of up to three granules making this movement per cell is a 
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Figure 5 Effect of ATP on secretory-granule dynamics in living PC12 ceils 

Vesicle dynamics were measured by image acquisition at 5 s intervals in a cell incubated (a) in unmodified Krebs-bicarbonate medium containing 3 mM glucose (image l of 30; note the movement 
of vesicles towards neurite extensions: granule #3); (b) after the addition o! 50 pM ATP (image 1 of 30); or (c) 175 s after the addition of ATP (image 30 of 30). Note the accumulation of membrane 
lluorescence after stimulation with ATP (29 and 62,5% increases in a 30 x 50-pixel box corresponding to the regions marked by the upper and lower arrows, respectively). A smaller (19%) increase 
in fluorescence was also apparent in the perinuclear region, whereas 3 decrease (21 %) was observed in a region of the cell distant from the nucleus (in the bottom left of the image) Scale 
bar = 2 p.m. These images are presented as time-lapse movies that can be accessed through the World Wide Web by connecting to URL: http://www.BiochemJ.org/bj/333/bi3330l 93add.htm. 



considerable underestimate of the total number occurring 
throughout the whole cell. These movements are likely to 
represent the previously described motion of secretory vesicles in 
islet /?-cells [2,3], most probably along microtubular tracks [19]. 
An intriguing possibility is that the pauses during movements 
might correspond to the transfer of a granule between successive 
microtubular tracks. 

The rate of movement of the granules measured in these 
studies with phogrin-EGFP were comparable with those mea- 
sured by video microscopy in long-term cultures of islet /?-cells 
[2,3] and in the HIT-T15 /?-cell line [5]. Although it is impossible 
to be certain that the measurements made in the earlier studies 
described only the movement of secretory granules (and not 
other dense bodies such as lysosomes), the fact that similar 
behaviour could be detected in granules bearing phogrin-EGFP 



suggests that the expressed chimaera did not interfere with the 
machinery responsible for granule movement. Furthermore, in 
the current studies with INS- 1 /?-cells, the effect of increasing 
glucose from 3 to 30 mM (Figure 3 ; Table 1) was more dramatic 
than observed in earlier work [2,3] and exceeded the stimulation 
of exocytosis measured in cell populations. In particular, we 
failed to observe any long saltatory granule movements in 
unstimulated INS-1 cells. This suggests that these may play an 
important role in the activation of exocytosis by nutrient 
secretagogues, including glucose. Consistent with an important 
role for glucose-induced increases in intracellular [Ca 2+ ], the 
effects of glucose could be mimicked by the activation of Ca 2+ 
influx by cell depolarization with KG. 

By contrast, long saltatory granule movements were apparent 
in PC12 cells even in the absence of intracellular [Ca 2+ ]-raising 
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agents (Figure 5). These appeared to be directed from the ceil 
interior outwards, i.e. towards the plasma membrane and into 
neuriie extensions. This apparent, predominantly anterograde, 
movement is therefore compatible with previous observations in 
which the movement of acidic granules was monitored by 
enhanced video microscopy after loading AtT-20 cells with 
acridine orange [20]. This technique, which involved fixation 
posi-facto and immunocytochemistry to reveal adrenocortico- 
trophin-containing granules, indicated that the majority of these 
secretory granules moved in the anterograde direction. In further 
agreement with the results of Kreis et al. [20], we -also observed 
that phogrin-EGFP-labelled vesicles undergoing long saltatory 
jumps did not usually change direction (Figures 5a and 5b, 
granules #3 and #6). Such behaviour is suggestive of movement 
along linear microtubules, driven by anterograde motors. Never- 
theless, shorter excursions were associated with reversal of 
direction (Figures 5a and 5b, granules #2 and #5), indicating that 
'hopping' between microtubules could occur under these cir- 
cumstances. 

In our studies, increases in intracellular [Ca 2+ ] provoked with 
ATP apparently increased the number of directed movements of 
vesicles in PCI 2 cells. This resulted in clear increases in fluor- 
escence associated with the plasma membrane (Figures 5b and 
5c). Thus, secretion in PCI 2 cells appeared to be associated with 
the recruitment of the secretory-vesicle granule protein phogrin 
into the membrane. In this respect, the behaviour of phogrin- 
EGFP may be similar to that of the granule membrane protein 
D-/?H, examined in intact chromaffin cells [21]. 

In summary, we describe a new method of selectively moni- 
toring dense-core secretory-granule movement in single living 
neuroendocrine cells. This involves the use of a granule- 
membrane-located EGFP fusion protein, and laser-scanning 
confocal microscopy. This approach reveals important differ- 
ences in the behaviour of secretory granules in islet INS-1 /?-cells 
and in a model of sympathetic neurones, the PC12 cell. These 
differences may be related to the regulation of secretion from 
these cell types by distinct secretagogues in vivo, i.e. respon- 
siveness of /?-cells to nutrient secretagogues plus modulatory 
neurotransmitters [22], and of chromaffin cells to neurotrans- 
mitters alone. The molecular basis of these differences remains 
unknown, and will require analysis of the motor and other 



proteins involved in the transport of secretory granules in these 
cell types [19]. 
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ABSTRACT 

Previous results have suggested that Smadl transduces signals in re- 
sponse to bone morphogenelic proteins (BMPs), but not ui response to 
transforming growth factor 0 (TGF-p). Here we investigated the ability of 
TGF--J to regulate Smad! phosphorylation, hi-lcro-oligomerUaCion with 
Smad4 ( translocation to the nucleus, and transcriptional activation of 
3TP-»ucif«rase reporter activity in TCF-p- and HMP-responsive Hs578T 
human breast cancer cells. We demonstrate that Smadl was rapidly 
phospborylated in vivo in response to both TGF-& and BMP2 as deter- 
mined using an antibody against the epilopc-ta&ged Smadl being ex- 
pressed. In addition, both TfiF-fc, and BMW inereosed Smadl-Smad4 
hetcro-oligomerization in Hs578T cells. Visualization of Smadl nuclear 
translocation with the aid of green fluorescent protein (C1P) in live cells 
demonstrated nuclear accumulation of UFP-Smadl fluorescence in re- 
sponge to cither TGF-0 or BMP2 stimulation. After ligand stimulation, 
approximately 60-70% of transacted ccUs displayed prominent nuclear 
nuoresctnee. Expression of Smadl in HsS78T ceJIs increased the activity 
of the TGF./i-responsive reporter 31 P-Kux. Moreover, TGF-fl treatment 
further potentiated the effect of Smadl on 3TP-lucifera.se activity. Collec- 
tively, our rcsulls demonstrate that TCF-/J as well as BMP can signal 
through Smadl. 

INTRODUCTION 

TGF-0 1 is a multifunctional factor that regulates a number of 
cellular responses including cell growth, difleremintiim, extracellular 
matrix production, and apoprosis. depending on the cell type (1-3). 
This polypeptide signals through two types of transmembrane serine/ 
threonine kinase receptors, HI and RII. The ligand binds lo Rll, which 
appears 10 recruit and result in Rl phosphorylation (4-8). Activation 
of these receptors mediates the cellular effects of TGF-0. Thus far, 
events downstream of TGF-0 receptor activation are poorly under- 
stood, although several dislina types of signaling components have 
been described as participants in the TGF-0 signaling cascade in 
untransfurmed epithelial cells. These include protein kinase C, phos- 
pholipasc C, protein phosphatase 1, Ras, rmtogen-activated protein 
kinases, stress-activated protein kinases, and the Smads (Sma and 
Mad homolugues; Refs. I and 9-19). 

Among those components mentioned above, Smads were recently 
identified as important signaling components for several members of 
the TGF-fi super family (15-19). Smads contain highly conserved 
regions ai the amino- and carboxyl-tenninal domains, which arc 
connected by a proline-rich linker region. A pathway-restricted phe- 
nomenon has been reported for Smadl. Smad2, SmaU3, and Smad5 
(16-17). For example, it has been suggested that Smadl and Smad.5 
are relatively specific for BMP signaling, whereas Smad2 and Smad3 
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mediate TCF-/3 and aciivin signaling. The current working model for 
Smad regulation consists of sequential activation events that occur 
after receptor activation. These include phosphorylation of pathway- 
restricted Smads (i.e.. Smadl, Smad2, and Smat!3) : heterumeric com- 
plex formation of these Smads with Smad4 (the common partner 
Smad), translocation to the nucleus, and activation of gene transcrip- 
tion (20-25). This model is currently being tested hy a number of 
laboratories in the TGF-/3 field. 

The involvement of Smadl in BMP signaling has been clearly 
demonstrated (26-29). In conlrast, studies in TGP-/3- resist ant cell 
lines, which have been iransfccted with TGF-f3 receptors, suggest chat 
Smadl is nol a signaling intermediate for TGF-0. It is possible that 
overexprcssion of TGF-/3 receptors in these cells may not he sufficient 
to twinsducc TGF-/3 signals. Several investigators have previously 
reported that TGF-/3 induced endogenous Smadl phosphorylation in 
vivo (30, 31). However, the anti-Smadl antibodies used in these 
studies recognized other Smad family members. Thus far. studies 
have not directly examined the effects of TGI -fi on each of the Smnd 1 
activation events in epithelial cells thai are naturally sensitive to 
TGI--P- 

Jn this study, wc cxmnined whether TGF-/3 could regulate each of 
the activation steps for Smadl. For these studies, we used a model 
system that displays natural sensitivity to both TGF-0 and BMPs. Our 
results demonstrate that TGF-0 and BMP arc equally effective in 
inducing Smadl phosphorylation, hcieromeric complex formation 
with Smad4, and nuclear translocation. Furthermore, expression of 
Smad] increases the activity of the TGF-/3- responsive reporter 3TP- 
Lux in these cells. TGF-/3 treatment potentiates the effects of Smadl 
on 3TP-lueiferase activity. Together, this report provides strong evi- 
dence that Smadl can be activated by TGF-/3 in a manner similar to 
that of BMPs. 



MATERIALS AND METHODS 

Materials- Rabbit ami-HA, anti-Flag, and nmi-llis polyclonal antibodies 
were obtained from Santa Cruz Biotechnology. Inc. {Santa Civz, CA). The 
anti-Flai; M2 monoclonal antibody was obtained from Eastman Kodak Co. 
(Rochester, NY). The 6XHis monoclonal antibody and pEOFP-CI pixHcin 
fusion vector were purchased from Clontech Laboratories Inc. (Palo Alto. 
CA1. The pcDNA3.1 expression vector was obtained from Inviliogen Corp. 
(Carisbud. CA). l 3 HJT!iytiudinc and | w PJonhuphosphate were purchased trum 
OuPonl New England Nuclear (Boston, MA). 

Construction of Smadl Expression Vectors. RSmadl wjs cloned by 
screening a cDNA librury derived frum an unlransfonned rat IEC line, IEC 4- 1 
(1. 14). Mammalian expression vectors fpC'GN and pcONA3.i) confining the 
entire coding region of RSmadl were constructed. These constructs inelmlcd 
either HA or 6XHis epitopes at the aminu terminus of RSmadl and were used 
in in vivo phosphorylation and in the Smad1-Smad4 heteroiueric complex 
fonnation assays. To construct the GFP-RSmadl plasinid. a 1.57-kb cDNA 
fragment of RSmadl was hlunted at holh ends and inserted into the multiple 
cloning site <X»iul) of the pEGFP-Cl protein fusion vector (Ciuntech Labo- 
ratories, Inc.). Tlic correct orientation and reading frame of the recombinant 
pbsmids were verified by DNA sequencing. The |>RK5-Sinad4 Flay plasmid 
(21) and the p3TP-Litx reporter construct (35) were generous gifts fioni Dr. R- 
Deryuck (University of California at San Fiancisco, San Francisco, CA) and 
Dr. J. Massague (Memorial Sloan-Kettering Cancer Center, New York. NY), 
respectively. 
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Cell Culture. Hs578T MCF-7 human BCCs were obt.uned from the Amer- 
ican Typt Culture Collection and maintained as described previously ( ! 2, 13). 

Thymidine Incorporation. Hs578T cells were plated at cell densities of 
6.66 x 10' ceils/cm 2 in 1 2- well plarco. Twelve h later, the medium was 
changed to serum-free conditions for 13 h. TOF-j3 ? (10 rig/ml) or BMPs (50 
ng/inl) were added to the appropriate wells, followed by incubation for an 
additional 24 h. The above concentrations for TGF-/3, and BMPs were chosen 
to give optimal responses according to previous publications (12, 20. 26). 
Incorporation of fH]thymidine into DNA was determined as described pre- 
viously (12, 13). 

In Vivo Phosphorylation tif .Smaril in Hs578T Cells. Hs578T cells were 
transected with 10 /ig of HA -tagged RSmadl hy calcium phosphate copre- 
cipitarion for 21 h in a 3% CO : atmosphere ai 35°C (36). Cells were then 
labeled with ( 3? Fjorthophosphate (I mCi/ml) for 3 h at 37°C in phosphate-tree, 
serum- free DMEM, folluwed by treatment with TGF-/3 3 or BMP2 fui the 
indicated times. Samples were normalized for radioactivity as determined by 
trichloroacetic acid precipitation. Samples were then immunoprecipiratcd with 
an anti-HA antibody (Santa Cruz Biotechnology, Inc.) for 1 h at 4°C. Immu- 
nocomplexes collected on protein A-Sepharnse heads weie resolved by 12% 
SDS-PAGE. Gels were stained with Coomassie Blue, dried, and exposed to 
X-ray film at -7() U C. 

Sinudl-Sinad4 Hcterumerie Complex Formation. Hs578T or MCF-7 
cells were plated as described above in 100-mm tissue culture dishes (12-1 3). 
Twenty-four h later, cells were col mns fee ted with 10 of Flag-tagged Smad4 
and His-tagged RSmadl hy the calcium phosphate method. Forty-eight h later, 
the medium was changed to scrum-iYee conditions for 30 min. Transacted 
cells were treated with TGF-/3, or BMP2 for 1 h and Jysed in lysis buffer (10 
mM Tris (pH 7.8), 150 ium NaCl, 0.5% NP40, 1 mvt phcnylmethylsultbnyl 
fluoride. 5 mM benzarnidinc, 10 /ig/ml aprotinin. )0 ughni Icupepiin, and \% 
Triton X-I00]. Cell lysine* were immunoprecipiratcd with either 6XHis mono- 
clnnal antibody (Cluntcch Laboratories. Inc.) or anti-Flag M2 monoclonal 
antibody (Eastman Kodak Co.). Immuonoprecipiiaccs were separated by J 2% 
SDS-PAGE and transferred to hnmobilon-P membranes (Millipnrc). Tagged 
proteins were detected hy Western blotting using rabbit polyclonal ami-Flag i>r 
snti-His antibodies (Sajita Cruz Biotechnology, Inc.). Smadl -Smad4 helero- 
meric complex formation was quantified by densitometry and corrected for the 
expression levels ol'Smad4. 

Visualization of GFP-Smadl Cytoplasmic to Nuclear Translocation in 
Hs578T CeUs in Vivo. Hs578T cell* were plated in GO-nuu tissue culture 
dishes and transiently Uninfected with 4 uf GFP or GFP-RSmadI plasmid 
DNA by the calcium phosphate method. Cells were treated as described for the 
Smadl-Smud4 hetcromeric complex formation assay. Fluorescent cells were 
visualized using an inverted Nikon Diaphot Epj-Huojesce nee microscope. The 
total number of fluoiescent cells and the number of cells with nuclear fluo- 
rescence were recorded. GFP-Smadl nuclear accumulation was detected at 1 h 
after treatment with ligand.s, and images were eapturrd by a Nikon high- 
resolution color digital camera at X400 magnification. 

3TP-Lux Reporter Assays. Hs578T cells were cotran steered with 0.25 |ug 
of 3TP-L.UX, 0.125 jig of renitla luciferase control reponer (pRL-SV40; Pro- 
mega), and 2.5 pLg of either RSmadl or human Suiadl by the calcium 
phosphate copreeipitatton method as described above. Twenty-four h later, the 
medium was changed to serum-free conditions for 1.1 h. The cells were then 
treated with TGF-/9-, orTGF-/3, at a concentration of 10 ng/ml fnr an additional 
24 h. 3TP-fuciferase activities were corrected using renilla lueiferase activities. 

RESULTS 

Inhibition uf DNA Synthesis by TGF-/J and BMPs in Hs578T 
Human BCCs. Previous repoits (20, 26-29) of Smadl activation 
events used cell lines that either did not naturally respond to TGF-0 
(R-1B/L-I7 or COS cells) or were nut epithelial cells (MC3T3 osteo- 
blast cells). To investigate the role of Smadl in TGF-/3 signaling, we 
used cell lines thai were natively sensitive to both TGF-0 and BMPs. 
We previously reported thai the growth of Hs578T cells was potently 
inhibited by TGF-0,. TGF-/3 2 . and TGF-& (12, 13). As shown in Fig. 
1. TGF-0., inhibited DNA synthesis by 80% in Hs578T cells, whereas 
BMP2 or BMP4 decreased DNA synthesis by 70 or 60%, respec- 
tively. These data demonstrate thar Hs578T cells are sensitive to both 



TGF-/3 and B M Pa without (he need to transfect cells with exogenous 
TGF-0 or BMP receptors. 

TGK-p-induced Phosphorylation of Smadl in Hs578T Human 
BCCs. Previous studies of endogenous Smadl phosphorylation in 
TCF-0-sensiiive cell lines {A549, NmuMg, and L6) used antibodies 
that recognized other Smad family members (30. 31). Other studies 
exumining exogenous Smadl phosphorylation were performed in 
epithelial cells that were not naturally sensitive to TGF-/3 (26, 27. 29). 
Therefore, it was of interest to determine whether TGF-/3 could 
phosphorylate Smadl in epithelial cells that were narurally sensitive 
to TGF-p. To investigate this, we constructed a mammalian expres- 
sion vector that contained the entire coding region of RSmadl with an 
HA epitope at the amino terminus. Fig. 2 displays the results of m vivo 
phosphorylation of transiently transfected RSmadl in H*578T cells. 
In the absence of ligands, Smadl was weakly phosphorylated. How- 
ever, the phosphorylation of Smadl was strongly induced by IX3F-/3 ? 
within 15-30 min. Likewise, BMP2 treatment resulted in a rapid 
increase in Smadl phosphorylation by 15 min that then declined 
toward baseline levels by 30 min. Quantitation of Smadl phospho- 
rylation by densitometry is plotted in Fig. 2B. The extent of induced 
Smadl phosphorylation by BMP2 is similar to that repotted previ- 
ously (26, 29). Moreover, in TGF-/3-scnsitivc untransformed 1EC 4-1 
cells, we observed a rapid (>5-fold) increase in the phosphorylation 
of endogenous Smadl by TGF-0 t when a Smad I -specific polyclonal 
antisera (26) was used (33-34). Thus, TGF-/3 can stimulate the 
phosphorylation of botli exogenous and endogenous Smadl in TGF- 
0-responsive epithelial cells. 

TGF-/3-hiduced Smadl-Smad4 Heteromeric Complex Forma- 
tion in Hs578T Human BCCs. Previous studies have indicated ihul 
BMP2 and BMP4. but not TGF-/3, stimulated Smadl -Smad4 hetero- 
meric complex fonnatiun in COS and R 1 B/L-1 7 cells (20, 26, 27, 29). 
Because we observed a TGF-/3-mediated phosphorylation of StnadJ 
in Ils578T cells, it was of interest to examine the effects of TGF-/3 on 
Smadl-Smad4 hctcro-oligomerization in these human BCCs. In these 
experiments, Hs57XT cells were cotransfected with Flag-tagged 
Smad4 and His-tagged Smadl, followed by treatment with TGF-j3, or 
BMP2 for 1 h. Anti-His inununoprecipitates were separated by 12% 
SDS-PAGE, and tagged proteins were detected by blotting with rabbit 
polyclonal unii-Flng antibodies. As shown in Fig. in the absence 
of ligands (Lane 2), low basaJ levels of Sinadl-Smad4 hetcromeric 
complexes were observed. TGF-jy 3 (Lane 3) and BMP2 (Lane 4) 




TGFp 3 BMP2 BMP4 



Fig. I. TGF-0, <ind BMP* inhibit DNA syndesis in Hs578T humim BCCs. Ks578T 
cells wcrr plated and incubated in scrum-fee medium before treatment with TGF-fMlO 
ngftnJ) or BMPs (50 n£/ml) for 24 h a* df.icrilied in "MaierinU und Methods." Incorpo- 
ration of [**HIthymidioe into DNA was plotted as o jKrvcnuyc of the levels in untreated 
cells. Error l*ar$ t iircaji 1 St in - 3). 
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straie thai TGF-/3 can stimulate Sinadl cytoplasmic in nuclear trans- 
location as efficiently as BMP2 in Hs578T cells. 

Induction of 3TP-Lux Reporter Activity by Smadl and TGF-/3 
in Hs578T Human BCCs. Because we have demonstrated that 
TGF-0 triggered Smadl activation events (/.t\, phosphorylation, het- 
eio-oligomeri^dion with Smad4, and nuclear translocation) in 
I is578 J % cells, we next explored whether Smadl expression could 
induce transcriptional responses in these cells. In these studies, 
Hs57KT cells were dansientiy transacted with the TGF-0-rcspunsjve 
lucif erase reporter 3TP-I.ux. The 3TP-Lux construct contains three 
repents of the TPA-rcsponsive element fused to a portion of the PA1-1 
promoter (3.H This reporter construct has been used previously to 
evaluate TGF-/3 and activin responsiveness in trnnsieni transfection 
assays (23, 33, 36-40). As shown in Fig. 5A, TGF-/3 3 alone induced 
3TP-lucifera.se activity by 5-fold, whereas expression of RSmadl in 
the absence ofligand induced 3TP-luciferuse activity by 6-fold. How- 
ever, the combination of Sinadl and TGF-/3 3 resulted in a further 
increase in 3TP-lucil'erase activity inHs57KT cells (values obtained 
from lour independent experiments ranged from 17-27- fold). In con- 
trast, BMP2 at a dosjige of 50 ng/mf failed to increase 3TP-luciferase 

A Empty Smadl-His 

Vector Smad4-Flag 



Time (min) 



Time (min) 



Fi<*. 2. TGV-li } and BMP2 induce SnuuH phosphorylation in H>f»78T human BCCs. A, 
prulifcrmiiis cultures of HS57HT cell* weic transienily iranst'ecied with 10 ^ of HA- 
ragged .Smadl. Cells were labeled with [ JI P]untiopliosph5tc <1 mCi/ml) for 3 h, followed 
by trenimem will. VC.F-/3, (10 nfi/inJ) or BMP: (50 n?/ml) for ihc indicated timet. 
Samples were nounalized tor T ;idiu;uimiy as determined by incltloroaoctic acid precip- 
itation. Labeled prulciiis wrif immunoprccipiuted with anti-HA nntipiKly and anaty7Cd by 
SDS-PAG0 nml :iuiorftdiogiaphy. fl, t|u;tniiiaiion of Smndl phosphorylation in Hs578T 
celb. Tht SnwfH plwsphoryUtion band* were qonntilaled by densitometry. RtsutIS .ire 
representative ui' two independent experiments. 



treatment increased Smadl -SmacM hetemmcric complex formation by 
3- or 2.7-fold, respectively, after correction for differences in Smad4 
expression. The results of three independent experiments performed in 
Hs57oT cells were *lso summarized in Fig. 3A. Similar data were also 
obtained in the MCF-7 human BCCs (Fig. 3B), for which TGF-0, and 
BMP2 increased Smadl-Smad4 interaction by 3- or 4 -fold, respec- 
tively. These results demonstrate that TGF-/3 can promote Smadl- 
Smad4 interactions as effectively as BMP2. 

Nuclear Translocation of Smadl in Hs578T Cells after Stimu- 
lation with TGF-0 and BMP2. To extend the above findings, it was 
nf interest to determine whether TGF-J3 could also stimulate Smadl 
nuclear translocation. To investigate Smadl nuclear translocation in 
live Hs57HT human BCCs, we prepared the GFP-RSmadl constructs 
by inserting GFP at the amino terminus of RSmadl. Hs578T cells 
were transiently transfectcd with GFP or GFP-RSmadl and treaied 
with TGF-/3 or BMP2 for 1 h. As depicted in Fig. 44, the majority of 
the cells transfected with GfP alone («) or GFP-Smadl (b) displayed 
a diffuse fluorescent signal throughout the cells. In contrast, cells 
treated with either BMP2 (c) or TGF-/3 3 (<f) demonstrated strong 
nuclear fluorescence and a relatively weak fluorescent signal in the 
cytoplasm. Approximately 60-70% of the fluorescent cells trans- 
fectcd with GFP-Smadl displayed prominent nuclear translocation on 
ligand addition (Fig. 4H). In the absence of ligand stimulation, only 
20% of cells displayed prominent nuclear fluorescence. The percent- 
age of transacted cells that displayed prominent nuclear Smadi was 
similar co that in other reports for which immunocytochemistry was 
used (37). Furthermore, we have obtained similar results after the 
transfection nf human Smadl in Hs578T cells. These results demon- 
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Fig. 3. TGF-j3 3 nnd BMI'2 promote Smadl-Smad4 heteromcric complex fi>rniaUon m 
Hs573T human BCCs. A, imnmnoprecipiinfion/Wot analysis of Smadl -Smad4. interac- 
ikn.s in Hs578T cells. Hs57RT cells were trnnsinnly coitansfcctcd with Hag-tagecd 
Smadl. His-tngped Smaill (Ijinr.s 2-4), o; empty vectors (Lan< I). Cells were incubnied 
in serum-rtcc medium before treatment with TCP -0, [fMne J) or BMP2 {Lnnc V) for t h. 
Cell lyrics were una ly zed by iuiimmnprccipiumun itml subsequent itnnuinobha anaJy>»s 
10 delect cither Smad! -Sm>uM inici actions (top) or Smad4 c\prcssiou levels amunp 
saniplfs ibotiom). Western hlol analysis of the same lysales nl.su demonstrmcd relatively 
cinmt t*|>rcwiftnof Smndl ;imon £ samples (dntu not shywrt). R.:sulte art i^prr«nlattvr of 
three separate experiment i. Fi>ld increase values rrprrNcnl lhrcc independent t»f>enmeMS. 
n< indicated {n = 3). B. qii.inl idea lion ul'Sniadl-Smnd4 hetcrumcric complex t«rinauon 
in MC'K-7 ivlls. lmniunopiecipiUiiifHi/lilnt analysis ol Snwrfl-SiHitM intcrnciiuns v;.u- 
prrfi Kincd in MCF-7 cellv HjikU were scanned by denMinmciry and corrrcted for ihe 
Mpre.^inn levels uf Smad4, The pint i?> rtprcsciiMiivc ot'lwo sepdMie cxpcrimenis. 
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Fig.. -J. Both TGF-^ and BMP2 Mimiilnre GFP-SmndJ cytoplasmic to nuclear Inrnslo- 
caiion in Hs57ST human BCCs in vivo. Hs578T BCCs were transiently iransfected vviih 
2-4 >ig of GFP or CiFI'-Sniiiill pljMnid DNA. Fony-eight h later, Uic medium wan 
changed to scrum-frcc condition* for .Vl min. and TGF-0, or (10 ng/mlj TGF-£, or BMP2 
(50 ng/inl) was added for I h. A, p tot o micrographs of individual fluorescent cells 
mnsfccicd wild GFJ* ;duiic {«> or C'l-P-Smydi {b~d). Cells were rrcatcd with bMP2 (c) 
ur TGF-/3« (J) for I h. GFP-Smadl cytoplasmic to nuclear translocation was visualised 31 
I h after treatment with ligands. and imngcsi were captured by a Nikon high-resolution 
color digital camera (X40M). )h qu:inlii;iiion of GFP-Smrtdl nuclear fluorciceiicr in 
(unsfcclcd Hs.V78T cells. IKS76T nelli were iransfected and tfemed as descrihed above. 
TIk total number of fluorescent cells nnd the number of cells with nuclear translocation 
woic recorded after treatment with either TGF-0 or BMP2 for J h. Results were eKpro.sed 
as a percentage of the mini number of imnsfeci&d cells with prominent nuelcir flumcv 
ccncc by counting 200-250 tmnslcctcd cells for each sample. The plot is representative 
of Ihttc similjT eApcrimenls. Error bars, mran t. SE (/i = "J|. 



activity (data not shown J. This lack of effect was also observed by 
oiher investigators, presumably tlue to the fact that BMP does not 
regulate PAI-I gene expression (43). 

For the majority of experiments, we have iransfected RSmadl 
into human BCCs. To rule out the possibility that RSmadl may act 



differently ihan human Smadl in BCCs, we decide*! to examine 
whether human Smadl could resale the 3TP-I.ux reporter in a 
manner similar to that of RSmad 1 . As shown in Fig. 55, expression 
of human Smadl also stimulated this TGF-/3- responsive reporter. 
Like RSmadl. TGH-0 potentiated the effect of Smadl on 3TP-Lux 
activity. Thus, our results demonstrate that RSmadl and human 
Smadl affect nuclear translocation anil 3TP-Ux transcription sim- 
ilarly. 

DISCUSSION 

Previous work has demonstrated that Smadl is activated in o 
pathway-restricted fashion by TGF-0 superfamily member (26-29). 
Specifically, Smadl was shown to be a signaling component for BMP, 
but not for TCF-0. In this study, we demonstrate that TGF-/3 can 
trigger Smadl activation events (phosphorylation, hclcromeric com- 
plex formation with Smad4, nuclear translocation, and transcriptional 
activation of the 3TP-Lux reporter) in the absence of scrum ur other 
growth/differentiation factors. We also provide evidence that these 
events occur in TGF-j3-.sensitive I] S 578T BCCs without ovcrcxpres- 
sion of exogenous TGF-jy receplors. In addition, wc have observed 
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Fig. 5. TGF-0 ajtd Smadl siiinukitc "lO'-jj-meitiaied rninscripiionnl activation of 
.VTP-Lux reporter activity in Hs578T human BCCs. A, Hs578T BCCs were cotrtmsfcctcd 
with 0.25 fig of 3TK-Lu.v U.I 25 M g of renilla luuTcrnsc control reporter, and 2.5 m? of 
either RSmadl or empty vector pCGN. Twenty-four h later, the medium was changed to 
senim-frec conditions for 13 h. Th* celh were then ire;iied wirh TGF-Pj ( 10 ng/ml) for 
an additional 24 h. llic 3TP-lucilera^c activities were corrected for transfcction clTicicn- 
cicx using icmlli lucifer*^ activilie*. The plot is represeTitative of four iiidepcitdeni 
experiment* performed in triplicate. F.nvr (mm, mean - SE (// = A). B. Hs37RT cells 
were trans reeled with 3TP-Luv. renilla lucifcrnsc conirol reponer. and hun)an Smodl or 
empty vceuv pet)NA .U. CelU wrrr thynged to seruni-ficc conditions for n li nnd 
Uedtcd with TGF-^, (10 n^/ml) for 24 h. The plot h reprrsentaiive, of two independent 
experiments pcrlunnrd in triplicate. Etrot (xirs. mean 1 SB. 
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rhese effects in ruber epithelial cells {i.e.. MCK-7 BCCs and untrans- 
f'ormed J EC 4-1 cells) (33. 34) that are natively sensitive to TGF-/S. 
Therefore, our data support the hypothesis that Smadl is a signaling 
intermediate for both TGF-/3 and BMP, 

Wc also reporL lhai expression of Smadl stimulates 3TP-Lux re- 
porter activity, a finding that has not been reported previously. These 
results are in contrast to those of Chen et ah (44). who described an 
inhibition of 3TP-Lux activity by expression of Smadl in MvlLu 
cells. The different results obtained in these two cell lines may be due 
to differences in the relative amounts of DNA transfected or to 
differences in the expression levels of endogenous Smads (i.e., 
Smad4). The latter point was also suggested by Zhang el nl (21, 45), 
who previously reported that Smadl, alone or in combination with 
TGF-J3, failed to increase PA1-1 reporter activity in the TGF-£- 
rcsistant human colon carcinoma cell line SW480.7; cotransfection of 
Sma<14 was required to increase PAM reporter activity. Therefore, in 
cell types cither deficient in Sm;id4 or expressing this Smod at lower 
levels, Smadl alone may be insufficient to activate 3TP-luciferase 
activity. 

As mentioned above, published data suggest that TGF-0 docs not 
activate Smadl (26-29). More recent reports have indicated that the 
L45 loop of the Rl receptor kinase domain and the T3 loop of Smadl 
mediate and specify interaction between Smadl and 13MP receptors 
(29, 43). Furthermore, diese reports suggest that the different struc- 
tural motif in the L3 loop of Smadl may not be optimal for the 
interaction between Smadl and TGP-j3 receptors. A number of pos- 
sibilities may explain the ability of TGF-/3 to activate Smadl in some 
cell types but not in others. These possibilities include: {a) specific 
cell types may express unique yet unidentified TGF-0 RI receptors, 
which can directly interact with and phosphorylate Smadl; (b) under 
certain circumstances or in specific cell types, TGF-/3 may be capable 
of signaling through receptors that also transmit signals for other 
TGF-p supcrfamily members. There is a precedent for this type nf 
promiscuous utilization of receptors among TGF-0 supeifairuJy mem- 
bers, as illustrated by the ability of BMP to signal though activin 
receptors (16, 46, 47); and (c) TGF-/3 RTF receptors may actually play 
a more direct role in TGF-j3 signaling than originally thought; these 
receptors may influence TGF-0 activation of Smadl. Each of these 
possibilities may also explain the cell-type specificity frequently 
encountered with respect to the intracellular components that mediate 
specific TGF-/3 responses. 

It is also possible thai the inability of TGF-0 to stimulate Smadl 
activation events may have derived from the lack of intact endog- 
enous TGF-/3 signaling components in the cell lines used for the 
previous studies. These studies were performed only in COS or 
R ! R/E-17 cells transfected with exogenous TGF-J3 or BMP recep- 
tors. Furthermore, an inability of the transfected receptors to 
interact naturally with downstream signaling components may also 
play a role. The differences that we have observed may also relate 
to the possibility that inhibitory Smads are expressed in some cell 
types; these may have counteracted the effect of TGF-J3 on Smad I 
activation (48-53). Along these lines, TGF-J3 has been shown to 
regulate expression of the inhibitory Smads (Smad6 and Smad7) in 
MvlLu cells (51. 53). 

In' summary, we demonstrate that TGF-0 is at least as effective as 
BMP in stimulating Smadl activation in some cell types. Our studies 
also indicate that utilization of Smadl by TGF-fJ may be cell -type 
specific, or chat Smadl activation by TGF-0 may require intact 
endogenous receptors and signaling components. Thus, the concept of 
a pathway-restricted partem for Smad signaling may be overgeneral- 
ized under certain circumstances. 
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Abstract. The nonreceptor protein tyrosine kinase 
ZAP-70 is a critical enzyme required for successful T 
lymphocyte activation. After antigenic stimulation, 
ZAP-70 rapidly associates with T cell receptor (TCR) 
subunits. The kinetics of its translocation to the cell sur- 
face, the properties of its specific interaction with the 
TCR£ chain expressed as a chimeric protein (TT£ and 
T££). and its mobility in different intracellular compart- 
ments were studied in individual live HeLa cells, using 
ZAP-70 and fused to green fluorescent protein 
(ZAP-70 GFP and T^-GFP, respectively). Time-lapse 
imaging using confocal microscopy indicated that the 
activation-induced redistribution of ZAP-70 to the 
plasma membrane, after a delayed onset, is of long du- 
ration. The presence of the TCR£ chain is critical for 
the redistribution, which is enhanced when an active 
form of the protein tyrosine kinase Lck is coexpressed. 



Binding specificity to TTi; was indicated using mutant 
ZAP-70 GFPs and a truncated £ chimera. Photobleach- 
ing techniques revealed that ZAP-70 GFP has de- 
creased mobility at the plasma membrane, in contrast 
to its rapid mobility in the cytosol and nucleus. T££- 
GFP is relatively immobile, while peripherally located 
ZAP-70 in stimulated cells is less mobile than cytosolic 
ZAP-70 in unstimulated cells, a phenotype confirmed 
by determining the respective diffusion constants. Ex- 
amination of the specific molecular association of sig- 
naling proteins using these approaches has provided 
new insights into the TCR£-ZAP-70 interaction and 
will be a powerful tool for continuing studies of lym- 
phocyte activation. 

Key words: ZAP-70 • TCR£ • protein tyrosine kinase • 
intracellular signaling • GFP 



Engagement of the T cell receptor (TCR) 1 by anti- 
genic ligand, in the form of a short linear peptide 
bound in the cleft of a major histocompatibility 
complex (MHC) class I or II molecule, is the critical bind- 
ing event leading to T cell activation (Babbitt et al., 1985; 
Townsend et al., 1986; Bentley and Mariuzza, 1996; Garcia 
et al., 1996). The TCR is comprised of multiple integral 
membrane proteins (Jorgensen et al., 1992; Weiss, 1993; 
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Weissman, 1994) and serves to initiate intracellular signal- 
ing, leading to new gene expression, protein synthesis, in- 
duction of multiple effector functions, and clonal expan- 
sion (Samelson and Klausner, 1992; Weiss and Littman, 
1994). The a(5 heterodimer binds to the antigen-MHC 
ligand, and the CD3 -y, 5, e, and TCR£ chains translate this 
event into biochemical signals within the cell (Cantrell, 
1996; Garcia et al., 1996; Wange and Samelson, 1996; Qian 
and Weiss, 1997). Since none of these molecules contains 
any intrinsic enzymatic activity, they recruit and bind sig- 
naling proteins via their conserved immunoreceptor ty- 
rosine-based activation motifs (ITAMs), which are present 
as a single copy in each of the CD3 chains and in triplicate 
in TCR£ (Reth, 1989; Weiss and Littman, 1994; Wange 
and Samelson, 1996). The CD3 and TCR£ chains are phos- 
phorylated on the tyrosines within their ITAMs within 
seconds of TCR engagement by the Src kinases Lck and 
Fyn (Iwashima et al., 1994; van Oers et al., 1996; Sloan- 
Lancaster and Samelson, 1998). The phospho-ITAMs are 
then able to bind SH2 domain-containing proteins, allow- 
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ing a multiprotein complex to form under the membrane, 
which includes enzymes and adaptors responsible for trig- 
gering the various intracellular signaling pathways for suc- 
cessful T cell activation (Weiss and Littman, 1994; Wange 
and Samelson, 1996). 

ZAP-70, a nonreceptor protein tyrosine kinase ex- 
pressed exclusively in T cells, thymocytes, and natural 
killer cells, is a critical enzyme in early T cell signaling 
(Chan et al., 1992; Wange et al., 1992; Arpaia et al., 1994; 
Chan et al., 1994; Elder et al., 1994; Negishi et al., 1995). 
After binding via its tandem SH2 domains to the two 
phosphotyrosines of an individual ITAM during TCR en- 
gagement (Wange et al., 1993), ZAP-70 is phosphorylated 
by Lck and/or Fyn and is thus activated (Iwashima et al., 
1994; Wange et al., 1995a; Kong et al., 1996). Subse- 
quently, these kinases phosphorylate other specific sub- 
strates, resulting in the activation of the various intracel- 
lular signaling pathways required for T cell function. 
Although the absolute requirement of functional ZAP-70 
for T cell activation has been clearly demonstrated both 
biochemically and genetically (Wange et al., 19956; Qian 
et al., 1996; Williams et al., 1998), few studies have exam- 
ined its intracellular localization and how this is affected 
by cellular stimulation. The primary structure predicts that 
ZAP-70 is a cytosolic protein (Chan et al., 1992), and bio- 
chemical data have shown that it rapidly translocates to 
the TCR upon activation (Wange et al., 1992; Chan et al., 
1991). We have recently developed a cellular approach to 
examine the location and movement of ZAP-70 in single 
cells over real time, using a chimera of ZAP-70 fused to 
the green fluorescent protein (GFP) and time-lapse imag- 
ing confocal microscopy (Sloan-Lancaster et al., 1997). 
Our initial study revealed that ZAP-70 GFP was present 
not only throughout the cytosol but also in the nucleus, in 
both transiently transfected COS 7 cells and ZAP-70-defi- 
cient T cells stably reconstituted with the chimera. In COS 
7 cells, ZAP-70 GFP rapidly moved from the cytosol to the 
cell surface in response to pharmacological stimulation. 
This was surprising since COS 7 cells do not express any 
TCR chains or other molecules known to contain ITAMs. 
We reasoned that another membrane-associated protein, 
which becomes tyrosine phosphorylated upon cellular 
stimulation, was able to bind ZAP-70 in order for this 
translocation and apparent binding to occur (Sloan-Lan- 
caster et al., 1997). 

Since the current model of T cell activation dictates that 
ZAP-70 is bound and concentrated at the region of acti- 
vated TCR via a specific interaction with the phosphory- 
lated ITAMs of TCR subunits, we wanted to refine our ex- 
perimental system to study this association. This would 
enable us not only to assess the real time binding kinetics, 
but also to demonstrate the fine specificity of the molecu- 
lar interaction in individual living cells. In addition, we 
wanted to measure the mobility of ZAP-70 in the different 
intracellular compartments to understand the mechanisms 
of retention at the plasma membrane. Here we report the 
stimulation-dependent translocation of ZAP-70 to the cell 
surface in HeLa cells is dependent on expression of a chi- 
meric TCR£ chain. We describe the kinetics of this interac- 
tion and show that ZAP-70 translocation is enhanced by 
coexpressing active Lck. Moreover, we provide evidence 
that relocated ZAP-70 is specifically bound to the chi- 



meric £ chain, with properties that correspond precisely 
with the data generated biochemically (Wange et al., 1993; 
Koyasu et al., 1994). Using photobleaching techniques, we 
have revealed the highly mobile and freely diffusible na- 
ture of cytosolic and nuclear ZAP-70 and its conversion to 
a more static state accompanying its translocation to the 
cell periphery. Cell surface-located ZAP-70 is more dif- 
fusible than TCR£, a transmembrane protein, a phenotype 
confirmed by calculating the diffusion constants for the in- 
dividual proteins, which indicated that peripheral ZAP-70 
diffuses 20-fold faster than TCR£. Such observations sug- 
gest that the interaction between ZAP-70 and TCR£ upon 
cellular stimulation is dynamic. 

Materials and Methods 
Cells, Antibodies, and Reagents 

HeLa cells were grown in complete D10 medium (DME containing 10% 
FBS, 2 mM glutamine, and 50 u,g/ml gentamicin). All stably transfected 
lines were cultured in complete D10 medium supplemented with 1 mg/ml 
geneticin (G418; GIBCO BRL, Gaithersburg, MD) for maintenance of 
transgene expression. WXTl H/T^, and H/T££ truncated (H/T^ trunc) 
cells stably expressed the appropriate fusion protein as determined by fre- 
quent FACS® and immunoprecipitation analyses. 

mAbs used include anti-IL-2 receptor a chain, 33B3.1 (Immunotech, 
Inc., Westbrook, ME), for FACS® analysis; rabbit anti-ZAP-70 antiserum 
(Wange et al., 1995a); mouse anti-human a-tubulin (Sigma Chemical Co., 
St. Louis, MO); rhodamine-coupled goat anti-mouse IgG; and fluores- 
cein-coupled goat anti-rat IgG (KPL, Inc., Gaithersburg, MD). 

Plasmids, Constructs, and Transfection 

The generation of pSXSRa-Lck F505, pEGFP/ZAP-70, and pEGFP/ 
kin.neg. (with deleted kinase domain) ZAP-70 have been described previ- 
ously (Wange et al., 1995a; Sloan-Lancaster et a!., 1997). pEGFP/doubie 
SH2 was made by ligating the Nhel/XmnI fragment from pEGFP/ZAP- 
70, containing both SH2 domains and both interdomains, to the Nhel/ 
Smal-digested pEGFP-Nl vector. For construction of pEGFP/ZAP-70 
kin.dom. (expressing the kinase domain alone), the Nhel/XmnI fragment 
was removed from pEGFP/ZAP-70, and the vector was religated using 
the oligos 5' CTA GCA CCG GTG GAT CCT CTA GAA TGA AGC 3' 
and 5' GCT TCA TTC TAG AGG ATC CAC CGG TG 3'. For pEGFP/ 
SH2(C) + kin.dom., the Nhel/Kpnl fragment of pEGFP/ZAP-70 was re- 
moved, and the vector religated using the oligos 5' CTA GCG ATA TCA 
TGC CAG ACC CCG CGG CGC ACC TGC CCT GGT AC 3' and 5' 
CAG GGC AGG TGC GCC GCG GGG TCT GGC ATG ATA TCG 3'. 
pEGFP/SH2(N) + kin.dom. was made in two steps. First, an intermediate 
vector, ZAP 1 + 2, encoding the kinase domain alone with an inserted 
Kpnl site, was derived by annealing the Nhel/XmnLdigested pEGFP/ 
ZAP-70 to the oligos 5' CTA GCG ATA TCT GCA GGG TAC CTC 
GAG AAG C 3' and 5' GCT TCT CGA GGT ACC CTG CAG ATA 
TCG 3'. The Nhel/Kpnl fragment of pEGFP/ZAP-70, encoding the Non- 
terminal SH2 and interdomain 1, was then ligated to the Nhel/KpnI-cut 
ZAP 1 + 2. pEGFP/TU w as constructed as follows: the EcoRI/BamHI 
fragment from pXSSRaARC (Letourneur and Klausner, 1991) was li- 
gated to EcoRI/BamHI-digested pEGFP-Nl vector to create the inter- 
mediate plasmid pEGFP/T^/BamHI. A PCR fragment from the BamHI 
site of TH was created with an introduced COOH-terminal Agel site, us- 
ing the oligos 5' GCA GGG ATC CAG AGA TGG GAG GC 3' and 5' 
GAC GAC CGG TGA GCG AGG GGC CAG GGT CTG 3'. Then 
BamHI/AgcI-digested PCR product and BamHI/Agel-digested pEGFP/ 
T^/BamHl vector were ligated together to produce the final construct, 
pEGFP/TC;. The construction of the TT£, Tft, and T££ trunc chimeras 
have been described elsewhere (Letourneur and Klausner, 1991), All 
three contain the extracellular domain of the human IL-2 receptor a chain 
and the intracellular domain of TCR£. TT; includes the transmembrane re* 
gion of the IL-2 receptor a chain, while T££ contains the transmembrane 
region of TCR£. T£C trunc is a shortened form of the latter chimera, termi- 
nated after TCR£ amino acid residue 65, and thus lacks all three ITAMs 
(Letourneur and Klausner, 1991). HeLa cells, or their stably transfected 
counterparts, were electroporated using 15 fj-g o( each DNA construct at 
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250 V and 500 u.F using a Gene Pulser (Bio-Rad Labs., Hercules, CA) and 
used 20-24 h after transfection. 

Immunofluorescence Staining 

HeLa cells were grown overnight on sterile glass coverslips (10-mm diam- 
eter, No. 1 thickness). Cells, untreated or pretreated with nocodazole (33 
jiM, 30 min incubation at 4°C, followed by 30 min at 37°C), were then 
fixed in 3.7% paraformaldehyde in PBS for 30 min al room temperature, 
washed (three times) in PBS containing 10% fetal bovine serum (PBS/ 
FBS), permeabilized using 0.1% Triton X-100 in PBS for 4 min at room 
temperature, washed (three times), and incubated for 45 min in PBS/FBS 
for preblocking. Cells were then incubated with a mouse anti-human tu- 
bulin Ab in PBS/FBS for 45 min at room temperature, washed, and incu- 
bated with rhodamine-coupled goat anti-mouse IgG for 45 min, followed 
by washing with PBS (three times). The coverslips were then mounted 
onto glass slides using Fluoromount G (Southern Biotechnology Associ- 
ates, Inc., Birmingham, AL) and viewed using the 568-nm laser line of a 
confocal laser scanning microscope (model LSM 410; Carl Zeiss, Inc., 
Thornwood, NY) with a 100X planapochromat oil immersion objective 
(NA 1.4) and optics for rhodamine. 

Fluorescence Microscopy, Time-Lapse Imaging, and 
Image Processing 

Transfected cells were grown overnight in coverglass chambers (LabTek, 
Naperville, IL) in complete D10 medium. For time-lapse imaging experi- 
ments, the slides were mounted on a custom-made platform (of a confocal 
laser scanning microscope; Yona Microscope and Instrument Co., Rock- 
ville, MD) equipped with a triple line Kr/Ar laser, a 100x 1.4 NA Pla- 
napochromat oil immersion objective, a 25x 0.8 NA Neofluar immersion 
corrected objective, and a temperature-controlled stage. Time-lapse se- 
quences were recorded with macros programmed with the Zeiss LSM 
software package that allow autofocusing on the coverslip surface in re- 
flection mode before taking confocal fluorescence images. The media was 
replaced by PBS supplemented with magnesium and calcium salts before 
the start of imaging. In Fig. 4 d t cells were treated with nocodazole as 
above before beginning the time-lapse imaging. Two images of each cell 
were taken before addition of the pervanadate (PV) stimulant directly to 
the chambered coverglass, and subsequent images were taken at 30-s in- 
tervals thereafter until 15 min after stimulation, as previously described 
(Sloan-Lancaster et al., 1997). 

Photobleaching Experiments 

Fluorescence loss in photobleaching (FLIP) experiments were performed 
at room temperature on a custom-made stage of a confocal microscope 
(model LSM 410; Carl Zeiss, Inc.) using the 63x objective and the 488-nm 
line of a 400-mW Kr/Ar laser, which delivered 0.9 mW power (Cole et al., 
1996). In brief, HeLa cells expressing ZAP-70 GFP alone, ZAP-70 GFP 
together with Lck F505, or 1'Q GFP were left untreated or stimulated 
with PV for 12 min before beginning the FLIP experiment, as indicated in 
figure legends. A small rectangular region defined by the boxed area was 
repeatedly illuminated with the laser at 100% power, 100% transmission. 
Between each intense illumination, the entire field of view was imaged at 
low-power laser light (20% power, 1% transmission) to assess the extent 
of loss of fluorescence outside the box as a consequence of photobleach- 
ing within the box. The time lapse between images was ~25 s. The possi- 
bility that regions on the edge of the illuminated box are progressively 
bleached by tight leakage during FLIP was ruled out by repeating FLIP 
identically on fixed cells, which showed bleaching only in the area exposed 
to illumination. Furthermore, there was no significant photobleaching 
while imaging the recovering cell since control cells in the field did not 
lose any significant fluorescence intensity during the time followed. 

Fluorescence recovery after photobleaching (FRAP; Edidin, 1994) was 
performed at room temperature on a confocal microscope (model LSM 
410; Carl Zeiss, Inc.) essentially as described (Ellenberg et al., 1997). For 
the qualitative D measurements shown in Fig. 7, cells were stimulated for 
12 min before commencement of photobleaching. The width of the rectan- 
gular regions of interest used were 2 p.m (T£C GFP, some ZAP-70 GFP) 
or 4 (ZAP-70 GFP). Fluorescence within the strip was measured at 
low laser power (20% power, 1% transmission) before the bleach (pre- 
bleach intensity) and then photobleached with full laser power (100% 
power, 100% transmission) for 0.218 s (T£C GFP) or 0.436 s (ZAP-70 
GFP) (which effectively reduced the fluorescence to background levels in 



fixed material). Recovery was followed after 2 s with low laser power at 
2-s intervals for 200 s (T« GFP) or 1-s intervals for 50 s (ZAP-70 GFP) 
and then at 10-s intervals until the recovered fluorescence intensity within 
the strip had reached a plateau, Zero of time f, taken as the midpoint of 
the bleach, was 2.399 s for T;C GFP and 2.513 s for ZAP-70 GFP. Numeri- 
cal simulations were used to determine D using the prebleach intensity of 
entire cells (to assess the effects of geometry and nonuniform fluorescence 
density) and compared with experimentally derived D values, as described 
(Ellenberg et al., 1997; Sciaky et al., 1997). 



Results 

Redistribution of ZAP-70 to the Plasma Membrane 
in HeLa Cells Requires Both Cellular Activation and 
Coexpression of a TCR Chain 

In a previous report, we made use of a ZAP-70 GFP chi- 
mera to study the intracellular location of this protein ty- 
rosine kinase, and how it changed in response to cellular 
stimulation, using time-lapse imaging (Sloan-Lancaster 
et al., 1997). This approach revealed the very rapid redis- 
tribution of cytosolic ZAP-70 to the cell surface, with sig- 
nificant membrane accumulation detected as early as 1 
min after stimulation. The phenotype was enhanced when 
an active form of Lck was coexpressed, which itself in- 
duced some ZAP-70 translocation. These results were 
somewhat surprising since the COS 7 cells, in which the 
chimeric ZAP-70 GFP was expressed, do not contain any 
TCR chains. We were therefore curious to determine 
whether the introduction of a TCR chain in this experi- 
mental system had any observable effect on the redistribu- 
tion of ZAP-70. 

To compare results in the presence or absence of a TCR 
chain, we made use of the HeLa cell line, which lacks any 
TCR chains, and its transfected derivative, H/TT£, which 
stably expresses a chimeric form of TCR£ comprised of 
the extracellular and transmembrane portions of the hu- 
man IL-2 receptor a chain, Tac, fused to the entire intra- 
cellular region of TCR£ (Letourneur and Klausner, 1991). 
The fusion protein is successfully expressed on the cell sur- 
face as an integral membrane protein independent of any 
other TCR component and provides an experimental sys- 
tem in which the contribution of the tandem ITAMs of 
TCR£ can be examined apart from the CD3 molecules 
(Letourneur and Klausner, 1991). In non-T cells, cross- 
linking TT£ at the cell surface does not induce cellular ac- 
tivation. Thus, to stimulate the cells, we used the pharma- 
cological agent pervanadate (PV). PV inhibits intracellular 
phosphatases, thereby creating a steady state in which ty- 
rosine residues are phosphorylated normally but not de- 
phosphorylated and which is used as a surrogate for anti- 
gen or anti-TCR cross-linking (O'Shea et al., 1992; Secrist 
et al., 1993). Both HeLa and H/TT£ cells were transfected 
with ZAP-70 GFP, and time-lapse imaging was used to 
monitor the movement of the chimeric fluorescent mole- 
cule in response to pharmacological stimulation. Two im- 
ages were taken before PV addition, with subsequent im- 
ages taken at 30-s intervals thereafter. 

Little if any ZAP-70 redistributed to the plasma mem- 
brane in HeLa cells with PV stimulation (Fig. 1, top row), 
while significant membrane accumulation was evident as 
early as 2 min after stimulation in COS 7 cells (Sloan-Lan- 
caster et al., 1997). The lack of a similar phenotype in 
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Figure 1. Activation-induced movement of ZAP-70 to the cell surface in TCR£-expressing HeLa cells and its enhancement by Lck F505. 
Individual live HeLa or H/TT^ cells were monitored by time -lapse imaging confocal microscopy. Lck F505 was cotransfected with ZAP- 
70 GFP in the bottom two rows. Two images were taken before PV addition, with subsequent images collected every 30 s thereafter. 
One prestimulation image is shown for each experimental group, followed by those at 4, 8, 12, and 15 min after stimulation. Bar: (Rows 
7, J, and 4) 21 p.m; (row 2) 27 jxm. 



HeLa cells suggests that no phosphotyrosine- or ITAM- 
containing proteins capable of binding ZAP-70 are ex- 
pressed in these cells. Thus, in the absence of a TCR chain, 
pharmacological stimulation had little effect on ZAP-70 
redistribution in HeLa cells. However, when H/TT^ cells 
were stimulated with PV, ZAP-70 dramatically redistrib- 
uted to the cell surface in all cells examined (Fig. 1, second 
row). Unlike its rapid accumulation to the plasma mem- 
brane in COS 7, there was a significant delay in H/TT£, with 
little detectable redistribution until 8-10 min after stimula- 
tion. At this time, movement to the plasma membrane, 
accompanied by cytosolic clearing, continued steadily 
around each cell until ~15 min after stimulation, when 
ZAP-70 was uniformly distributed over the inner surface. 
Results from a semiquantitative analysis of individual cells 
confirmed this phenotype, in which mean fluorescence in- 
tensity in a region of interest (ROI) over the center of 
each cell (cytosol and plasma membrane) was compared 
with an ROI at the edge (plasma membrane). These data 
indicated that there was, on average, a 1.1-fold increase in 
the surface to cytosolic fluorescence ratio 4 min after stim- 
ulation, which increased to 1.5-fold by 8 min and to 3.1- 
fold by 15 min after PV addition. The uniform distribution 
around the cell surface was consistent with ZAP-70 bind- 
ing specifically to the chimeric TT£ molecule, which is lo- 
calized throughout the plasma membrane under these 
conditions (data not shown). 



Lck F505 Enhances ZAP-70 GFP Movement to the 
Cell Surface 

The current model of physiological early T cell signaling 
suggests that ZAP-70 binds to the ITAMs of TCR£ only 
after they have been phosphorylated by Lck and/or Fyn 
(Iwashima et al., 1994; Wange and Samelson, 1996; Qian 
and Weiss, 1997). Our earlier studies in COS 7 suggested 
that expression of active Lck followed by PV stimulation 
enhances the redistribution of ZAP-70 to the cell surface 
over that induced by PV alone (Sloan-Lancaster et al., 
1997). Thus, we performed time-lapse imaging in cells co- 
expressing the constitutively active Lck F505 to determine 
if this kinase influenced the recruitment of ZAP-70 and its 
binding to TCR£. In HeLa cells, the coexpression of Lck 
F505 had no apparent effect on the location of ZAP-70 be- 
fore or after PV stimulation, since ZAP-70 was not de- 
tected at the plasma membrane at any time point (Fig. 1, 
third row). This further confirmed the lack of other ZAP- 
70-binding proteins in HeLa cells, and thus the specificity 
of the interaction with the ITAMs in H/TT£. With the ex- 
pression of the chimeric TCR£ chain, Lck F505 enhanced 
the redistribution of ZAP-70 to the cell surface, and pre- 
sumably its binding to TT^ (Fig. 1, bottom row). The time- 
lapse imaging results suggested that Lck F505 kinetically 
enhanced the accumulation of ZAP-70 at the cell surface. 
ZAP-70 accumulation was detected at the plasma mem- 
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Figure 2. Analysis of the redistribution of ZAP-70 GFP mutants. H/TT^ cells expressing Lck F505 were cotransfected with the following 
ZAP-70 GFP constructs: wild-type (a and b), kinase-dead (c and d\ tandem SH2 domains (e), kinase domain alone (/), SH2(N) + ki- 
nase (#), or SH2(C) + kinase (h). Protein movement in response to PV stimulation was followed by time-lapse imaging. Images are 
shown for unstimulated conditions (a and c) and 15 min after stimulation (b and d-h). Bars, 14 |xm. 



brane as early as 4-5 min after stimulation, reaching a pla- 
teau by 8 min (Fig. 1, bottom row). This was determined in 
several cells by comparing fluorescence intensities within 
ROIs over the center of the cell (cytoplasm and plasma 
membrane) and at the edge (plasma membrane only) with 
time. These data showed an increase in fluorescence inten- 
sity at the plasma membrane at a much earlier time after 
stimulation in cells coexpressing Lck F505. However, 
there was no apparent quantitative enhancement by Lck 
F505, since surface fluorescence increased threefold com- 
pared with cytosolic levels whether or not Lck F505 was 
coexpressed. 

The Specificity ofZAP-70-TT£ Interaction 

The above experiments indicated that, in the HeLa sys- 
tem, the specific molecular interaction of ZAP-70 and TT£ 
in response to cellular stimulation could be monitored at 
the single cell level. We next used this assay system to as- 
sess the basis of this interaction. To do so, we constructed 
various chimeras consisting of mutant ZAP-70. with GFP 
and used them to determine the contribution of individual 
protein domains in the translocation and binding of the ki- 
nase to TT£ (Fig. 2). Lck F505-expressing H/TT£ cells 
were cotransfected with the indicated ZAP-70 GFP mu- 
tant, and cells were monitored before and after addition of 
PV. Accumulation of ZAP-70 at the ceil surface was mon- 
itored in response to PV stimulation in cells expressing 
wild-type ZAP-70 (Fig. 2 a, unstimulated, and b y 15 min 
PV). A similar pattern of redistribution was observed us- 
ing a kinase-dead form of ZAP-70 (Fig. 2 c, unstimulated, 
and d, 15 min PV, and data not shown), and an analysis of 
multiple cells in several experiments indicated that the ki- 
netics and amount of wild-type and kinase-dead ZAP-70 
translocated to the cell surface did not differ significantly 



(data not shown). These data confirm that the kinase ac- 
tivity of ZAP-70 is not necessary for its binding to TCR£ 
(Wange et al., 1993; Hatada et al., 1995). 

We next assessed the roles of the individual protein do- 
mains of ZAP-70 in its binding to TCR£. While a mutant 
ZAP-70 GFP, containing the tandem SH2 domains with- 
out the kinase domain, redistributed to the ceil surface 
with kinetics indistinguishable from those of the entire 
molecule (Fig. 2 e, 15 min PV, and data not shown), nei- 
ther SH2 domain expressed alone with the kinase domain 
moved to the plasma membrane (Fig. 2 g, NH 2 -terminal 
SH2, and h, COOH-terminal SH2, 15 min PV). Moreover, 
the kinase domain by itself could not bind to TT£ (Fig. 2 /, 
15 min PV). These data agree with biochemical evidence 
showing that the tandem SH2 domains of ZAP-70, but not 
the kinase domain, are absolutely required for a stable 
interaction with any individual phosphorylated ITAM 
(Wange et al., 1993; Iwashima et al., 1994; Koyasu et al., 
1994). 

A similar in vivo analysis of the molecular properties of 
£ required to bind to ZAP-70 was also undertaken. For 
this, two additional HeLa cell lines, which stably express 
distinct forms of the £ chimera, were used. The first ex- 
presses T££, which differs from TT£ in that its transmem- 
brane domain is derived from TCR£ instead of from Tac. 
This ensures that T££ is expressed as a disulfide-linked ho- 
modimer on the cell surface. The second expresses a 
shorter, form of T££, called TJ£ trunc, terminated after £ 
amino acid 65 and resulting in a homodimer with no 
IT A Ms (Letourneur and Klausner, 1991). A schematic of 
the structures of these £ chimeras is shown in Fig. 3 A. We 
tested the ability of these £ chimeras to acquire phosphoty- 
rosine, since only phospho-ITAMs can bind ZAP-70 bio- 
chemically (Bu et al., 1995; Isakov et al., 1995). The £ chi- 
meras were examined for phosphotyrosine content before 
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figure J. Requirements of TCR^ for ZAP-70 redistribution. (A) Schematic of the molecular domains of the various chimeric £ mole- 
cules used. (5) H/T{£ (/op and fco/rom rowj) or H/T^ trunc (middle row) cells, expressing Lck F505 and ZAP-70 GFP, were monitored 
by time-lapse imaging. Images were taken at 30-s intervals, and those at 5-min increments are shown. Bar, 13. 3 u.m. 



or after PV stimulation of the respective cell lines. As ex- 
pected, only H/TT£ and H/T££, but not HeLa or H/T££ 
trunc, displayed a phosphoprotein at the apparent molecu- 
lar weight for chimeric £, verifying the activation-depen- 
dent requirement of phosphorylation of chimeric £ and the 
lack of intramolecular phosphate-binding sites in T££ 
trunc (data not shown). We also determined that the ty- 
rosine kinase inhibitor, herbimycin A (1 jxM), inhibited 
stimulation-dependent cellular phosphorylation (data not 
shown). 



H/T££ (Fig. 3 B, top and bottom rows) and H/T^ trunc 
(middle row) cells, expressing ZAP-70 GFP and Lck F505 
and including herbimycin A (1 ^xM, bottom row), were PV 
stimulated and monitored using digital imaging confocal 
microscopy. As expected, cells expressing full-length T££ 
were successful in recruiting ZAP-70 to the plasma mem- 
brane with kinetics similar to those defined earlier (Fig. 1). 
In contrast, H/T££ trunc cells showed no evidence of ZAP- 
70 redistribution to the cell surface even after 15 min PV 
stimulation (middle row), similarly to HeLa cells without a 
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cells (Fig. 4 a). Time-lapse imaging of ZAP-70 GFP- and 
Lck F505-irahsfected H/TTJ cells indicated that ZAP-70 
translocated to the plasma membrane in response to cellu- 
lar stimulation in both nocodazole-treated and untreated 
cells with similar kinetics (Fig. 4 d } nocodazole-treated, 
and c, untreated, both 15 min PV, and data not shown). 
Other cells from the population, treated identically, were 
stained with antitubulin mAb to confirm that nocodazole 
had disrupted the microtubule lattice. Moreover, treat- 
ment of cells with up to 100 nocodazole still did not 
impair ZAP-70 translocation to the cell surface. In addi- 
tion, the breakdown of actin filaments by cytochalasin B 
had no effect on ZAP-70 redistribution (data not shown). 
These data indicate that the microtubule array and the ac- 
tin cytoskeleton are not required for the intracellular 
translocation of ZAP-70. 



Figure 4. Testing microtubule involvement in ZAP-70's redistri- 
bution. H/TTi; cells, cotransfccted with Lck F505 and ZAP-70 
GFP, were left untreated (a and c) or pretreated with nocodazole 
(33 |xM; b and d). In a and b, cells were fixed and immunostained 
with antitubulin mAb, followed by a rhodamine-coupled anti- 
mouse secondary mAb. In c and d, cells were stimulated with PV 
and monitored by time-lapse imaging. Time points 15 min after 
stimulation are shown. Bars, 15 jj,m. 



TCR chain (Fig. I, first and third rows). While herbimycin 
A pretreatment prevented ZAP-70 redistribution to the 
plasma membrane, there was some redistribution of the 
chimera under these conditions (Fig. 3, bottom row). This 
drug is likely causing several effects in the cells, many of 
which may be tyrosine kinase dependent. However, the 
lack of redistribution of ZAP-70 to the plasma membrane 
in the presence of herbimycin A is consistent with its inhi- 
bition of ITAM phosphorylation. Thus, the cytosolic tail 
of TCR containing ITAMs and tyrosine phosphorylation 
after activation were critical for movement of ZAP-70 to 
the membrane. TT£ and T££ appeared to perform equiva- 
lent^ for ZAP-70 recruitment, suggesting that TCR£ 
dimerization has no effect on the binding efficiency for 
ZAP-70 in this system (data not shown). 

Intact Microtubules or Actin Cytoskeleton Are Not 
Required for ZAP-70 Translocation to the Cell Surface 

Biochemical studies on ZAP-70 have not addressed how 
this kinase accumulates at the plasma membrane upon cel- 
lular stimulation. In fact, the model suggesting that it 
moves from the cytosol to the cell surface has only been an 
assumption. Our results confirm that translocation indeed 
occurs. To explore the mechanism of this translocation, we 
tested whether microtubules or the actin' cytoskeleton 
were required. H/TT£ cells were treated with nocodazole, 
which leads to disassembly of the intracellular microtubule 
lattice. Antitubulin antibody staining of cells showed com- 
plete disassembly of the microtubule array in cells treated 
with nocodazole (33 mM, Fig. 4 b), but not in untreated 



Redistribution of ZAP-70 from the Cytosol to the 
Cell Surface Correlates with Its Conversion to a Less 
Mobile State 

The ability to photobleach GFP chimeras makes them at- 
tractive tools for studying molecular dynamics in real time 
proteins (Cole et al., 1996). Using photobleaching tech- 
niques, we initially took a qualitative approach to deter- 
mine whether there were any gross changes in ZAP-70 dif- 
fusibility after its redistribution within the cell. For this, we 
repetitively photobleached a small area within the cell and 
looked for fluorescence loss in the entire cellular compart- 
ment due to diffusional exchange of unbleached with 
bleached molecules (Cole et al., 1996; Ellenberg et al., 
1997). The length of time required for fluorescence loss 
under these conditions depends on the diffusional mobility 
of the fluorescent protein and the extent of continuity of 
the cellular compartments. This approach, termed FLIP, 
was used to compare the dynamics of cytosolic and nuclear 
ZAP-70 in resting H/TT4 cells expressing ZAP-70 GFP 
(Fig. 5 A). Both pools of ZAP-70 were extremely mobile, 
with a rapid loss of fluorescence in cells repetitively bleached 
in the cytosol and in the nucleus. Fluorescence was signifi- 
cantly depleted after only two bleaches (<60 s), and a 
complete loss was apparent after five bleaches (Fig. 5 A, 
bottom right cell). In cells in which the bleached region en- 
compassed only the cytosol, nuclear ZAP-70 GFP re- 
mained detectable for a longer time period (Fig. 5 A, top 
right cell). These data indicate that cytosolic and nuclear 
ZAP-70 are both highly mobile and that they are not 
freely interchangeable with each other. Also, the coex- 
pression of Lck F505 had no effect on the mobility of 
ZAP-70 during the time frame of the experiment (Fig. 5, 
compare B to A). 

The time-lapse imaging studies showed that ZAP-70 re- 
distributed from the cytosol to a more peripheral location 
in TT£-expressing cells in response to stimulation (Fig. 1). 
This phenotype was biochemically consistent with a spe- 
cific molecular interaction between ZAP-70 and the £ chi- 
mera (Figs. 2 and 3). We wanted to determine if this shift 
of ZAP-70 to the periphery correlated with a change in its 
diffusional properties. H/TT£ cells expressing ZAP-70 
GFP and Lck F505 were stimulated with PV for 12 min be- 
fore the commencement of FLIP to induce maximal ZAP- 
70 redistribution to the cell surface. After repetitive pho- 
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Figure 5. ZAP-70 becomes less mobile when it moves to the cell surface. H/TH; cells expressing ZAP-70 GFP alone (A) or together 
with Lck F505 (B and C) were left unstimulated (A and B) or were stimulated with PV for 12 min before commencement of FLIP (C). 
FLIP was then carried out as described in Materials and Methods, with the boxed rectangle indicating the area being repetitively 
bleached. Images collected before bleaching and after 2, 5, and 10 bleaches are shown. Bars, 15 



tobleaching of a region of the cell, it was obvious that the 
diffusions! mobility of ZAP-70 had been altered (Fig. 5 
C). Specifically, surface-localized ZAP-70 was less mobile 
and no longer able to exchange with the intracytoplasmic 
pool. A strong fluorescent signal was still apparent at the 
end of the bleaching sequence (~300 s). There are two 
possible explanations for this. Either all of the cytosolic 
ZAP-70 redistributes to the cell periphery, or some re- 
mains in the cytosol but converts to a less mobile pheno- 
type, perhaps because of an activation-induced interaction 
with cytoskeletal proteins. The first hypothesis is the more 
likely since the conversion to the less mobile state only oc- 
curs after stimulation of TT£-expressing cells, which is 
consistent with a molecular interaction between these two 
molecules (data not shown). Regardless, activation-depen- 
dent redistribution of ZAP-70 to the cell surface is accom- 
panied by a decrease in its mobility. 

Membrane-associated ZAP-70 Is More Mobile 
than TCR£ 

Biochemical studies have indicated that cell surface-located 
ZAP-70 is physically bound to TCR£, via the tandem SH2 



domains of ZAP-70 and the phospho-ITAMs of TCR? 
(Figs. 2 and 3) (Isakov et al., 1995; Bu et al., 1995). One 
prediction from these data would be that peripherally lo- 
cated ZAP-70 would acquire the same diffusion mobility 
as TCR£. We therefore compared the diffusion mobility of 
the translocated ZAP-70 to that of the £ chimera, T££. A 
T^-GFP fusion protein was constructed and expressed in 
HeLa cells and was expressed exclusively on the cell mem- 
brane, as expected for an integral membrane protein (Fig. 
6 C). H/TT£ cells expressing ZAP-70 GFP alone or to- 
gether with Lck F505 and HeLa cells expressing T^-GFP 
were then stimulated with PV for 12 min, and FLIP was 
performed to compare the mobilities of the two proteins at 
the cell surface (Fig. 6). As before, peripheral ZAP-70 was 
relatively stable, showing a similar phenotype whether Lck 
F505 was coexpressed or not. However, when repetitive 
photobleaching inside the rectangular box was continued, 
complete loss of ZAP-70 GFP fluorescence outside the 
box occurred between 750 and 870 s (Fig. 6, A and B), In 
contrast, fluorescence of T^-GFP remained prominently 
visible on the cell membrane after repetitive photobleach- 
ing for 30 min (Fig. 6 C, and data not shown). The mobility 
of T^-GFP was not affected by PV stimulation since it 
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Figure 6. Membrane-associated ZAP-70 is more mobile than TCR£. H/TT£ cells expressing ZAP-70 GFP alone (A) or together with 
Lck F505 (B), or HeLa ceils expressing T^-GFP (C), were stimulated for 12 min before commencement of FLIP. The area repeti- 
tively photobleached is indicated by the rectangle. Images collected before bleaching and after 9, 19, and 29 photobleaches are shown. 
Bars, 12 ^im. 



photobleached at a comparable rate in untreated cells. 
Furthermore, when a TT^-GFP chimera was used, a simi- 
lar phenotype was noted, indicating that £ dimerization 
has no effect on its mobility in the plasma membrane (data 
not shown). Thus, it was apparent that the peripherally lo- 
cated ZAP-70 was more mobile than the integral mem- 
brane £ chimera. 

FLIP is limited to determining qualitative assessments 
since the rate at which a cell loses its fluorescence signal is 
a function of both the diffusion out of the surrounding ar^ 
eas to the bleach zone as well as the size of the bleach zone 
relative to the entire cell. To better understand the nature 
of the interaction between ZAP-70 and TCR£, we wanted 
to be able to make quantitative measurements of protein 
diffusion. For this, we used the FRAP technique, in which 
fluorescence recovery into a bleached region of the cell af- 
ter a single photobleach is monitored until recovery is 
complete (Edidin, 1994; Ellenberg et al., 1997; Lippincott- 
Schwartz, 1998). Experimental data are then plotted ver- 
sus time and are fit to an empirical formula (Fig, 7 c) to 



determine the diffusion coefficient, D, for the protein. A 
representative plot of fluorescence recovery versus time is 
shown for both T^-GFP and membrane-associated ZAP- 
70 GFP (Fig. 7 a). These data indicate that T££ moves 
slowly within the membrane, since a plateau of fluores- 
cence recovery is not approached until >440 s for T££ 
compared with about 120 s for ZAP-70. Moreover, the D 
value derived for T££ indicated that it diffused slowly in 
the membrane and was similar to those derived for other 
plasma membrane proteins (Fig. 7 b\ 0.011 ± 0.001 u,m 2 /s) 
(Pal et al., 1991). However, the D value derived for pe- 
ripherally located ZAP-70 was >20-fold higher (Fig. 7 b\ 
0.234 ± 0.036 fxm 2 /s). These data thus provide strong evi- 
dence against the possibility that ZAP-70 irreversibly 
binds to TCR subunits at the plasma membrane and in- 
stead suggest that it interacts dynamically with TCR£, con- 
tinually exchanging on and off the plasma membrane. The 
extremely rapid motion of cytosolic ZAP-70 made it diffi- 
cult to determine an accurate D value with our experimen- 
tal setup, but it is greater than 1 jxm 2 /s. 
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Figure 7. Quantitative FRAP experiments to determine diffusion 
constants for ZAP-70 GFP and T^-GFP. (A) Fluorescence in- 
tensities in recovery after photobleaching, normalized to maxi- 
mal levels (100%) for both ZAP-70 GFP and T^-GFP, are plot- 
ted versus time. Data points were taken at 2-s intervals for 200 s 
(T^-GFP) or at 1-s intervals for 50 s (ZAP-70 GFP) and then at 
10-s intervals until they had reached a steady plateau. (B) Diffu- 
sion constants ± SD, expressed as a mean from five (T££-GFP) 
or six (ZAP-70 GFP) independent experiments, are given. Simu- 
lated values were 0.016 and 0.09 p.m 2 /s for T^-GFP and ZAP-70 
GFP, respectively. (C) Equation used to derive diffusion con- 
stants assuming one-dimensional recovery. 



The equation used for FRAP D value measurements as- 
sumes one-dimensional recovery since the membranes are 
bleached all across their length and entire depth. To assess 
the effect of geometry, the calculated D values were 
checked against a numerical simulation that used the pre- 
bleach intensity of the entire cell as input to simulate diffu- 
sion recovery into the bleached strip (Ellenberg et al. } 
1997; Sciaky et al., 1997). For T£5 GFP, the experimental 
D value correlated well with that derived from the simu- 
lated calculation, which was 0.016 ^m 2 /s (compared with 
0.011 u,m 2 /s). In contrast, the D value derived experimen- 
tally for ZAP-70 GFP (0.234 fxm 2 /s) was much faster than 
its simulated counterpart (0.090 pim 2 /s). Moreover, the fits 
generated by the simulation for ZAP-70 GFP were poor 
and variable. These observations, together with the fact 
that ^-associated ZAP-70 moves 20-fold faster than TCR£, 
.supports the hypothesis that the movement of ZAP-70 at 



the plasma membrane is more complex than simple diffu- 
sion and likely involves other dynamic parameters, such as 
exchange of ZAP-70 with the cytosolic pool. 

Discussion 

We have used GFP technology to study the movement, ki- 
netics, and associations of key proteins used in signal 
transduction pathways coupled to the T cell antigen recep- 
tor. Biochemical data have suggested that ZAP-70 under- 
goes rapid intracellular translocation (Chan et al., 1991; 
Wange et al., 1992). Thus, we were curious to study its in- 
tracellular distribution and visualize its changes in re- 
sponse to cellular stimulation in live cells. Our earlier re- 
port provided preliminary data defining where ZAP-70 
resides in resting cells and how it translocates to the cell 
surface upon cellular stimulation (Sloan-Lancaster et al., 
1997). However, the specific nature of the translocation, 
and the subsequent binding to TCR subunits at the plasma 
membrane, could not be investigated. Here we analyze 
ZAP-70-TCR£ interaction in real time and the intramo- 
lecular properties required for this association. The kinet- 
ics of ZAP-70 translocation to the plasma membrane and 
its diffusional mobility in the different intracellular loca- 
tions were measured. 

The activation-induced movement of ZAP-70 to the cell 
surface in HeLa cells expressing TT^, but not in HeLa, was 
a strong indication that we were monitoring the specific 
molecular interaction of two proteins over real time. This 
redistribution was much more dramatic than that in COS 7 
cells, with an impressive clearing from the cytosol accom- 
panying a uniform redistribution to the plasma membrane. 
Biochemically, the interaction of ZAP-70 and the ITAMs 
has been shown to require the tandem SH2 domains of 
ZAP-70 and a doubly phosphorylated ITAM (Wange et 
al., 1993; Iwashima et al., 1994; Koyasu et al, 1994). The 
crystal structure of the SH2 domains of ZAP-70 bound to 
a phospho-ITAM verified the molecular properties of this 
association (Hatada et al, 1995). Based on these data, we 
designed mutants of ZAP-70 and truncated T££ constructs 
to study the interaction of the two molecules in living cells. 
Our results validate the imaging approach taken, since 
they correlated exactly with the biochemical analyses. 
Moreover, they have allowed us to monitor for the first 
time the dynamics of these two proteins together in living 
cells. The tandem SH2 domains of ZAP-70 and an ITAM 
with phosphorylated tyrosines are clearly critical for any 
association to occur since there was no detectable redistri- 
bution at any time point for more than an hour after stim- 
ulation unless both of these criteria were met (Figs. 2 and 3 
and data not shown). 

How does ZAP-70 translocate to and remain at the 
plasma membrane? Because it is a cytosolic protein with- 
out any identified retention signal, it is likely freely diffus- 
ible within the cell, a phenotype supported by our FLIP 
data (Fig. 5). As the kinase moves randomly throughout 
the cytoplasm, it will be in a state in which some molecules 
are in close proximity to the cell surface at any time, and 
should therefore bind any available unoccupied phospho- 
ITAMs. After TCR engagement, when the CD3 and 
TCR£ ITAMs quickly become phosphorylated, the likeli- 
hood that ZAP-70 will bind to them and be retained at the . 
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membrane increases tremendously. This should result in 
an accumulation of ZAP-70 at the cell surface and a recip- 
rocal decrease in its cytosolic concentration, as seen in our 
time-lapse imaging studies (Fig. 1). Thus, the phosphoryla- 
tion of the TCR ITAMs seems to be the only triggering 
event for ZAP-70 redistribution. Our data using mutant 
ZAP-70 GFPs indicate that the domains required for its 
redistribution and membrane retention parallel those re- 
quired to bind TT£ (Fig. 2). Moreover, the enhancement 
of ZAP-70 redistribution accompanied by coexpression of 
Lck F505 indicates that simply increasing the level of 
ITAM phosphorylation results in more ZAP-70 at the 
plasma membrane (Fig. 1). Finally, neither the organized 
microtubular network nor the actin microfilaments are re- 
quired for successful movement of ZAP-70 to the cell sur- 
face (Fig. 4). 

The data reported by Huby et al. (1998) indicated that 
nocodazole treatment of T cells can prevent ZAP-70 acti- 
vation, independently of the location of ZAP-70 at the cell 
surface. Moreover, in that study ZAP-70 appeared to be in 
a membrane proximal region in resting T cells, before cel- 
lular activation. The differences between this study and 
our data might reflect the presence of additional proteins 
in T cells that engage ZAP-70 and affect its dynamics and 
activation. Our studies in HeLa cells represent an early ef- 
fort in studying these molecules in real time. The dynamic 
properties of ZAP-70 must now be analyzed with these 
methods in T cells. 

The kinetics by which ZAP-70 relocated to the HeLa 
cell surface were much slower than would be predicted 
from the biochemical analyses in T cells, which indicate 
that ZAP-70 binds TCR£ within seconds of TCR cross- 
linking (Chan et al., 1991; Wange et al., 1992). Surpris- 
ingly, there was a significant delay between cellular activa- 
tion and any detectable, redistributed ZAP-70 (Fig. 1). 
Perhaps the rate-limiting step is the tyrosine phosphoryla- 
tion of proteins within the cells due to' time required for 
PV, when delivered in the media, to be incorporated into 
the cells. Moreover, the live cell experiments were con- 
ducted at room temperature, and we anticipate that in- 
creasing the temperature to 37°C would also result in a 
faster translocation initiation time. Of course, the system 
employed here using HeLa cells and recombinant proteins 
is a simplification of the complexity of early T cell signal- 
ing events, in which multiple protein-protein interactions 
participate to initiate signal transduction. In the T cell en- 
vironment, such interactions might affect the mobility of 
both ZAP-70 and TCR£. However, in the HeLa system, 
once ZAP-70 began to translocate to the cell surface it 
quickly reached a steady state, without evidence of any re- 
accumulation in the cytosol even as long as several hours 
after PV addition (data not shown). Whether it moves back 
after the pharmacological or physiological stimulus ceases 
or is degraded at the plasma membrane is not known. 

The data derived using the photobleaching techniques 
allowed us not only to qualitatively compare the move- 
ment of different pools of ZAP-70 with itself and with chi- 
meric but also to calculate diffusion constants for these 
molecules. While a role for nuclear ZAP-70 has still not 
been defined, it clearly is not rapidly interchangeable with 
the cytosolic pool (Fig. 5 A). Both nuclear and cytosolic 
ZAP-70 are extremely mobile, so we could not determine 



a lower limit for their diffusion constants. This suggests 
that the protein is not associated with any anchoring mole- 
cules in these compartments. However, membrane-associ- 
ated ZAP-70 in stimulated cells has dramatically different 
characteristics in that it is much less mobile. Clearly, mem- 
brane-associated ZAP-70 moves slowly relative to the cy- 
tosolic pool of unstimulated cells and is likely part of a 
large multiprotein lattice under the cell surface, containing 
many of the downstream molecules involved in intracellu- 
lar signaling. 

The peripherally located ZAP-70 had a faster diffusion 
rate than the chimeric £ molecule. This was confirmed 
when the diffusion constants were determined, indicating 
that ZAP-70 moved ~20-fold faster than £ (Fig. 7). This 
indicated that the binding between £ and ZAP-70 is more 
complex than an irreversible and stationary interaction. 
The simulation data also confirmed that the movement of 
ZAP-70 at or near the membrane is not explained by a single 
diffusion constant. Instead, it seems that the SH2-phos- 
photyrosine interaction is dynamic, with specific on- and 
off-rates. Indeed, this dynamic relationship could explain 
how an immune response is regulated at the cellular level. 
Once initiated, T cell activation must eventually be turned 
off as antigen is cleared from the system. ITAM phos- 
phorylation is a key initiating event of intracellular T cell 
activation, but dephosphorylation of these domains is crit- 
ical for the disassembly of the activating lattice under the 
membrane. In fact, a proposed role of ZAP-70 is that it 
protects the phosphates of the TCR ITAMs by binding via 
its SH2 domains, thus maintaining the receptor in an "on" 
state (Iwashima et al., 1994). Only if ZAP-70 has a dy- 
namic relationship with TCR£ will the phospho-ITAMs be 
exposed to phosphatases, which will then have an opportu- 
nity to dephosphorylate the tyrosine residues. As a result, 
the now dephosphorylated ITAMs will no longer be suit- 
able targets for ZAP-70, which may eventually recycle to 
the cytosol or be degraded over time. As fewer active 
ZAP-70 molecules remain at the cell surface, all subse- 
quent signaling events in the cell will also sequentially be 
turned off, until the cell returns to its quiescent state. 

The ability to study intracellular signal transduction in 
real time now provides one with the tools to begin to an- 
swer many unaddressed questions. With the availability of 
several GFP variants that excite and emit at different 
wavelengths (Heim et al., 1994; Heim and Tsien, 1996; 
Ormo et al., 1996), the movements of several proteins 
have been successfully monitored simultaneously by time- 
lapse imaging (Rizzuto et al., 1995; Ellenberg et al., 1998). 
Moreover, the relationship of protein location and second 
messenger stimulation has also been studied (Miyawaki 
et al., 1997; Oancea et al., 1998; Stauffer et al., 1998). Flu- 
orescence resonance energy transfer to assess protein- 
protein interactions will provide detailed information re- 
garding how intracellular networks are established and 
maintained (Miyawaki et al., 1997; Romoser et al., 1997; 
Tsien and Miyawaki, 1998). As these techniques are refined 
and applied, more studies on how intracellular complexes 
form in many signaling systems should be performed. 

J. Sloan-Lancaster is a fellow of the Damon Runyon-Walter Winchell 
Cancer Research Fund. T. Yamazaki is a fellow of the Japan Society for 
the Promotion of Science. 
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Abstract We expressed the 7-subspecies of protein ki- 
nase C N- PKC) fused with green fluorescent protein 
(GFP) injvarious cell lines and observed the movement 
of this fusion protein in living cells under a confocal 
laser scanning fluorescent microscope. -y-PKC-GFP 
fusion protein had enzymological properties very simi- 
lar to thaf of native 7-PKC. The fluorescence of 7-PKC- 
GFP wasjobserved throughout the cytoplasm in tran- 
siently transfected COS-7 cells. Stimulation by an active 
phorbol ester (12-0-tetradecanoylphorbol 13-acetate 
[TP A]) but not by an inactive phorbol ester (4a-phorbol 
12, 13-dicfecanoate) induced a significant translocation 
of 7-PKC-GFP from cytoplasm to the plasma mem- 
brane. A23187, a Ca 2+ ionophore, induced a more 
rapid translocation of 7-PKC-GFP than TPA. The 
A23187-i|iduced translocation was abolished by elimi- 
nation or extracellular and intracellular Ca 2+ . TPA- 
induced translocation of -y-PKC-GFP was unidirected, 
while Cal + ionophore-induced translocation was re- 
versible; ! hat is, 7-PKC-GFP translocated to the mem- 
brane retjurned to the cytosol and finally accumulated 
as patchy dots on the plasma membrane. To investigate 
the significance of CI and C2 domains of 7-PKC in 
translocation, we expressed mutant 7-PKC-GFP fusion 



protein in which the two cysteine rich regions in the CI 
region were disrupted (designated as BS 238) or the C2 
region was deleted (BS 239). BS 238 mutant was trans- 
located by Ca 2+ ionophore but not by TPA. In contrast, 
BS 239 mutant was translocated by TPA but not by 
Ca 2+ ionophore. To examine the translocation of 
7-PKC-GFP under physiological conditions, we ex- 
pressed it in NG-108 cells, /V-methyl-D-aspartate 
(NMDA) receptor-transfected COS-7 cells, or CHO 
cells expressing metabotropic glutarnate receptor 1 
(CHO/mGluRl cells). In NG-108 cells , K + depolariza- 
tion induced rapid translocation of 7-PKC-GFP. In 
NMDA receptor-transfected COS-7 cells, application 
of NMDA plus glycine also translocated 7-PKC-GFP. 
Furthermore, rapid translocation and sequential re- 
Lranslocation of 7-PKC-GFP were observed in CHO/ 
mGluRl cells on stimulation with the receptor. Neither 
cy tochalasin D nor colchicine affected the translocation 
of 7-PKC-GFP, indicating that translocation of 7-PKC 
was independent of actin and microtubule. 7-PKC-GFP 
fusion protein is a useful tool for investigating the mo- 
lecular mechanism of 7-PKC translocation and the role 
of 7-PKC in the central nervous system. 



PROTf-iN kinase C (PKC), 1 a family of phospholipid- 
dej)endent serine/threonine kinases and of which 
there are at least 12 subspecies, plays an important 
role in Various cellular signal transductions (Nishizuka, 
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PS, phospl alidylserine; TPA, 12-O-tetradecanoylphorbol 13-acetate; 
trans- ACPO, (IS, 3R)-l-aminocyclopentane-l,3-dicarboxylic acid. 



1984, 1988, 1992). Regardless of ubiquitous expression of 
PKCs in various tissues, the central nervous system abun- 
dantly contains several unique PKCs, In particular, the 
7-subspecies of PKC (7-PKC) is present only in the central 
nervous system and is thought to be involved in many neu- 
ronal functions including the formation of neural plasticity 
and memory (Nishizuka, 1986; Abeliovich et al., 1993d,6; 
Tanaka and Nishizuka, 1994). 

PKC isozymes are divided into three subfamilies based 
on differences in the regulatory domain: conventional PKC 
(cPKC), novel PKC (nPKC), and atypical PKC (aPKC). 
Conventional PKCs have two common regions in the reg- 
ulatory domain, CI and C2. The CI region has two cys- 
teine-rich lobps (zinc finger-like motifs) that interact with 
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diacylglycerol (DG) or phorbol esters (Nishizuka, 1988; 
Ono et al. ( 1989). The C2 region mediates calcium binding 
(Ono et al. f 1989) and is only present in cPKCs (Ono et al., 
19886), although a region related to C2 region was recently 
reported in nPKC, a calcium-independent PKC (Parker 
and Dekker, 1997). Full activation of cPKCs, including 
7-PKC, requires DG and calcium. The CI region is also 
present in nPKC, and one of the cysteine-rich loops is 
foundiin aPKCs. 

Conventional PKCs and nPKCs, whose regulatory do- 
mains contain CI, are known to be translocated from the 
cytoscl to particulate fraction when activated by DG or 
phorbbl esters (Kraft et al, 1982). Therefore, the translo, 
cation of PKCs is a good marker of whether these enzymes 
are activated. Although this phenomenon is well known, 
the mechanism and physiological significance of PKC trans- 
location have not yet been clarified. By conventional enzy- 
mological or immunohistochemical methods, it is impossi- 
ble to iobserve the translocation of PKC in real time, in the 
same tells, and in living states, except in the investigation 
using fluorescent probes that directly bind PKC (Chen and 
Poenife, 1993). In addition, these fluorescent compounds 
are suggested to inhibit the activity of PKC itself at high 
concentration. 

To tesolve these problems and to directly observe the 
translocation of 7-PKC in living cells, we produced a fu- 
sion phnein of 7-PKC and green fluorescent protein (GFP). 
The GFP, isolated from jellyfish Aequorea victoria, has fluo- 
rescence without additional substrates and cofactors (Cu- 
bitt et al., 1995). Recent studies have revealed that GFP is 
a good candidate as a molecular reporter protein to moni- 
tor the alternation of protein localization, gene expression, 
and protein trafficking in living cells (Cubitt et al., 1995). 
10 th !l stud y» we visualized and analyzed the translocation 
of 7-PKC-GFP fusion protein with confocal laser scanning 
fluorescence microscopy, using various stimulations, such 
as phorbol esters, Ca 2+ ionophore, K + depolarization, and 
receptor-mediated stimulus. 

Materials and Methods 
Materials 

A23187 was purchased from Calbiochem (La Jolla, CA). TV-methyl-D- 
aspartaie (NMDA), 12-0-tetradecanoylphorbol 13-acetatc (TPA), and 
4a-phojboI 12, 13-didecanoate (4a-PDD) were purchased from Sigma 
Chemidal Co. (St. Louis, MO). (IS. 3R)-l-arainocy elope n lane- 13-dicar- 
boxyliciacid {trans- ACPD), 2-amino-8-phosphonopentanoic acid (AP-5), 
and (RS)-a-methy]-4-carboxyphenyI-glycine ([RSJ-MCPG) were from 
Tocris ^Bristol, UK). Nicardipine and thapsigargin were from Wako Pure 
Chemidal Ltd. (Osaka, Japan). w-Conotoxin GVIA was from Peninsula 
Laboratories Inc. (Belmont, CA). CytochaJasin D and colchicine were from 
nacalai lesque (Kyoto, Japan). All other chemicals were of analytical grade. 

Cell Culture 

COS-7 pnd N1H3T3 cells were purchased from Riken cell bank (Tsukuba, 
Japan).; Mouse neuroblastoma X glioma hybrid cells (NG 108-15 cells) 
were obtained from Dr. T. Amano (The Mitsubishi-Kasei Institute of Life 
Science* Tokyo, Japan). The CHO cells, stably expressing metabotropic 
glutamic receptor 1 (CHO/raGluRl cells) (Tanabe et aL, 1992) were a 
gift frofo Dr. Nakanishi (Department of Biological Science. Kyoto Uni- 
versity "Faculty of Medicine, Kyoto, Japan). COS-7 cells were cultured 
in DM£ containing 25 mM glucose, which was buffered with 44 mM 
NaHC<p3 and supplemented with 10% FBS, in a humidified atmosphere 
containing 5% C0 2 at 37°C. NG 108-15 cells were cultured in the same 



conditions as for COS-7 cells. NIH3T3 cells were cultured in DME sup- 
plemented with 10% calf serum instead of FBS. CHO/mGluRl cells were 
cultured as described (Tanabe et al., 1992). All media were supplemented 
with penicillin (100 U/ml) and streptomycin (100 ng/ml), and the FBS 
used was not heat-inactivated. 

Construct of Plasmids Encoding y-PKC-GFP 
Fusion Protein 

A plasmid containing GFP cDNA (pGFP 10.1) was donated by Dr. DC 
Prasher (Columbia University, New York) (Prasher et al., 1992). A cDNA 
fragment encoding GFP with a Hindlll site in the 5'-terminal and an 
EcoRI site in the 3'-terminal end was obtained by PCR using pGFP 10.1 
as a template. The sense and antisense primers used were 5'-TTAAGCT- 
TATGGTGAGCAAGGGCCAGGAG-3' and 5'-CCGAATTCTTACT- 
TGTAC A GCTCGTCC AT-3 ' , respectively. A rat 7-PKC cDNA was ob- 
tained from its cDNA clone of XCKR7I (Ono et al., 1988a). After 
digestion with EcoRI, an insert fragment encoding rat 7-PKC was sub- 
cloned into an expression plasmid for mammalian cells, pTB 701 (Ono et 
al, 1988a) (designated as BS 55) (Fig. 1). A cDNA fragment of 7-PKC 
with an EcoRI site in the 5' terminus and a Hindlll site in 3' terminus was 
also produced by PCR using BS 55 as a template. Trie sense and antisense 
pnmers used were 5'.TTGAATTCATGGCGGGTCTGGGTCCTGG-3' 
and 5'-TTAAGCTTATGGCGGGTCTGGGTCCTGG-3\ respectively. 
PCR products for both GFP and 7-PKC were together subcloned into the 
EcoRI site in pTB701 (BS 186) (Fig. 1). 

We next produced a construct encoding mutant 7-PKC-GFP, whose 
zinc finger-like motif in the Cl region was mutated. We used pTB966, a 
plasmid containing a cDNA for mutated Cl region, as a template for PCR 
(Ono et al., 1989). The protein derived from pTB966 was reported to have 
no binding activity for TPA (Ono et al., 1989). We also produced a mutant 
7-PKC-GFP construct whose C2 region was deleted. For this, pTB971 
was used as a template for PCR (Ono et al., 1989). The protein derived 
from pTB971 no longer had binding activity for Ca 2i " (Ono et al, 1989). 
PCR was performed to obtain a cDNA fragment containing Cl and C2 re- 
gions with a sense primer (5'-TTGAATTCATGGCGGGTCTGGGTC- 
CTGG-3 ) and an antisense primer (5'-TTGGATCCTCTGCGCTCTGC- 
CAG-3') using pTB966 or pTB971 as templates. These PCR products 
were digested with EcoRJ and BamHI and then subcloned into BS 186, 
whose EcoRI/ BamHI fragment in 7-PKC was removed. These constructs . 
were designated as BS 238 (Cl mutant) and BS 239 (C2 deletion), respec- 
tively. All PCR products were verified by sequencing. The structures of 
three 7-PKC-GFP proteins (BS 186, BS 238, and BS 239) are summarized 
in Fig. 1. 

Expression of y-PKC-GFP Protein in Cultured Cells 

Transient transfection into COS-7 cells was performed by electroporation. 
Plasmids (~32 u.g) encoding each type of 7-PKC-GFP or 7-PKC were 
transfected into 6 X 10 6 cells using a Gene Pulser (960 u.F, 220 V; Bio-Rad 
Labs, Hercules, CA). Transfections into NG-108, N1H3T3, and CHO/ 
mGluRl cells were carried out by lipofection using Tfx-™-50 (Promega 
Corp., Madison, WI) according to the manufacturer's standard protocol. 
After the transfection, cells were cultured at 30°C to obtain the optimal 
fluorescence of GFP. The fluorescence of 7-PKC-GFP was detected 2 or 3 d 
after the transfection. Experiments were performed 3-5 d after the trans- 
fection. 

Coexpression of NMDA Receptor and y-PKC-GFP in 
COS-7 Cells 

Mouse cDNAs encoding NMDAR(1 and NMDARel subunits, kindly do- 
nated by Dr. Mishina (Department of Pharmacology, Tokyo University, 
Faculty of Medicine, Tokyo, Japan) (Ikeda et al., 1992; Meguro et al., 
1992; Yamazaki et al., 1992), were subcloned into an expression plasmid, 
pTB 701. The same amount of 7-PKC-GFP, NMDARel, and NMDARel 
plasmids (total 32 u,g) was transfected into COS-7 cells by electroporation 
as described above. To prevent NMDA receptor-mediated cell death, 
transfected cells were cultured in the presence of 100 u,M AP-5, an antag- 
onist of NMDA receptor, until the experiment was performed. 

Immunoblotting, Kinase Assay, and 
Immunoprecipitation of y-PKC-GFP and y-PKC 

7-PKC-GFP (BS 186) or 7-PKC (BS 55) cDNAs were transiently trans- 
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F/gare 7. Constructs of 7-PKC-GFP fusion protein and its mu- 
tants. BS i86 was a 7-PKC-GFP fusion protein in which 7-PKC 
(BS 55) arid GFP were bound at the COOH terminus of 7-PKC. 
In the CI legion of 7-PKC, there are two cysteine-rich sequences 
that interact with DG or phorbol esters, such as TPA. To produce 
BS 238 (Ct mutant), one cysteine residue in each of the two cys- 
teine-rich Regions was substituted with serine by site-directed mu- 
tagenesis. tThe CI region of BS 238 no longer displayed activity 
for binding phorbol esters (Ono et a]., 1989). The C2 region of 
7-PKC, th£ Ca 2+ binding domain, was deleted for the production 
of BS 239 (C2 deletion) as described in the text. 



fccicd into 6 X 10 6 COS-7 cells by clectroporation. The same number of 
transfected £ells were divided into two culture dishes 8 cm in diameter and 
cultured at &0°C for 3 d. After treatment with 5 u,M TPA for 90 min at 
room tempirature, cells were harvested with PBS(-) and centrifuged. 
The cell pejlet/dish was resuspended in 200 uJ homogenate buffer (250 
mM sucrosq, 10 mM EGTA, 2 mM EDTA, 50 mM Tris/HCI. 200 u-g/ml 
leupeptin, V mM PMSF, pH 7.4). After the sonication (UD-210 TOMY 
SEIKO Co; Ltd., Tokyo, Japan; output 3, duty 50%, 10 times, at 4°C), 
samples were centrifuged at 19,000 g for 30 min at 4°C, and supernatant 
was collectojd as the cytosol fraction. The pellet was resuspended with 200 
M-l of homogenate buffer containing 0.5% Triton-X and used as particu- 
late fraction^ after the sonication as described above. 

For immtinoblotting, the samples of each fraction were subjected to 
10% SDS-EAGE in the same volume, and the separated proteins were 
elect orophcjretically transferred onto polyvinyl id ine difluoride (PVDF) 
filters (Millipore Corp., Bedford, MA). Nonspecific binding sites on the 
PVDF filters were blocked by incubation with 5% gelatine for 18 h. The 
PVDF filters were then incubated with anti-PKC-7 monoclonal antibody 
(diluted 1:2.000) (Hashimoto et al., 1988) or anti-GFP polyclonal antibody 
(diluted 1: 2,000) (CLONTECH Laboratories, Inc., Palo Alto, CA) for 30 
min at 25*C After washing with 0.01 M PBS containing 0.03% Triton X- 100, 
the filters w;re incubated with goat anti-mouse IgG (for 7-PKC antibody) 
or anti-rabtit IgG (for GFP antibody) for 15 min and then incubated for 
15 min with rabbit peroxidase antiperoxidase complex. After three rinses, 
the immundreactive bands were visualized with a chemiluminescence de- 
tection kit (ECL; Amersham, Buckinghamshire, UK). 

Kinase assays of 7-PKC 7-PKC-GFP, and its mutants expressed in 
COS-7 cells were performed as described previously (Kikkawa et al.. 1983). 
The kinase activity in 10 yJ of each fraction was assayed by measuring the 
incorporation of "Pi into calf thymus HI histone from [7- n P]ATP in the 
presence of,8 u.g/ml phosphatidylserine (PS), 0.8 jig/mJ diolein (DO), and 
0.5 mM Caf*. Basal activity was measured in the presence of 0.5 mM 
EGTA instead of PS, DO, and Ca 2 \ 

For immunoprecipitation of 7-PKC-GFP and 7-PKC, transfected cells 
in a dish 8 cm in diameter were harvested with 1 ml of homogenate buffer 
containing 1% Triton X-100 and were homogenized by pipetting. After a 
centrifuge il 19,000 g for 5 min at 4°C, the supernatant was routed with 
anti-7-PKC monoclonal antibody for 30 min at 4°C, then with protein 
A-Sepharose for an additional 30 min. Samples were centrifuged at 2,000 g 
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Figure 2. Enzymological property of 7-PKC and 7-PKC-GFP 
transiently expressed in COS-7 cells. (A) Immunoblotting analysis 
by anti-^-PKC antibody revealed that expressed 7-PKC (BS 55) 
and 7-PKC-<}FP (BS 186) were proteins with molecular sizes of 
80 and 110 kD, respectively. Treatment with 5 p.M TPA for 90 
nun increased the amount of both 7-PKC and 7-PKC-GFP asso- 
ciated with the particulate fraction, p, pellet (particulate fraction); 
a\ supernatant (cytosol fraction). (B) Kinase activity of expressed 
7-PKC and 7-PKC-GFP in cytosol and particulate fractions. Ki- 
nase activities of both 7-PKC and 7-PKC-GFP were translocated 
from the cytosol to particulate fraction after treatment with 5 u.M 
TPA for 90 min. ppt, pellet (particulate fraction) sup, supernatant 
(cytosol fraction). (C) Enzymological property of 7-PKC and 
7-PKC-GFP immunoprecipitated by anti^y-PKC antibody! Ki- 
nase activities of expressed 7-PKC and 7-PKC-GFP, which were 
immunoprecipitated by anti^y-PKC antibody, were measured in 
the presence or absence of activators of 7-PKC. The kinase activ- 
i ty of 7-PKC-GFP maximized in the presence of PS, DO, and 
Ca 2 *, as did that of 7-PKC. The enzymological properties of 
7-PKC and 7-PKC-GFP were very similar. 



Tor 5 min at 4°C, and pellets were washed three times with PBS(-). Fi- 
nally, 10 ill of suspended pellet with 50 u,l PBS(-) was used for kinase as- 
say as described above. 

Observation of y-PKC-GFP Translocation 

7-PKC-GFP-transfected cells were spread onto the glass bottom culture 
dishes (MatTek Corp., Ashland, MA) and cultured for at least 16 h before 
the observation. For COS-7 cells and CHO/mGluRl cells, the culture me- 
dium was replaced with normal Hepes buffer composed of: 135 mM NaCI, 
5.4 mM KC1, 1 mM MgCl 2 , 1.8 mM CaCl 2 , 5 mM Hepes, 10 mM glucose, 
pH 7.3. When necessary, Cad 2 or MgQ 2 were eliminated. In the case of 
NG-108 cells, the buffer used was composed of: 165 mM NaC1, 5 mM KQ, 1 
mM MgCl 2 , 1 mM CaCl 2 , 5 mM Hepes, 10 mM glucose, pH 7.4. 

The fluorescence of 7-PKC-GFP was monitored with a confocal laser 
scanning fluorescent microscope (model LSM 410 invert; Carl Zeiss, Jena, 
Germany) at 488-nm argon excitation using a 515-nm-long pass barrier fil- 
ter. Translocation of 7-PKC-GFP was triggered by a direct application of 
various stimulants at high concentration into the Hepes buffer to obtain 
the appropriate final concentration. To observe NMDA-induced translo- 
cation, NMD A was applied into the dish in the presence of 10 p-M glycine 
and absence of MgCI 2 . To induce K* depolarization in NG-108 cells, the 
buffer was exchanged to a high K*-containing buffer composed of: 52 mM 
NaCI, 100 mM KCI. 1 mM MgCl 2 , 10 mM CaCI 2 , 5 mM Hepes, 10 mM glu- 
cose, pH 7.4. AL experiments were performed at room temperature. 

Immunostaining of y-PKC-GFP-transfected Cells by 
Anti-y-PKC Antibody 

The 7-PKC-GFP-transfected COS-7 cells, cultured in glass bottom dishes, 
were stimulated by TPA or A23187 and it was confirmed that fluores- 
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cence was completely translocated. Then cells were fixed with 4% 
paraformaldehyde and 0.2% picric acid in 0.1 M phosphate buffer, pH 7.4, 
for 30 rhin. After two washes with 0.1 M PBS, pH 7.4, cells were treated 
with PBS containing 0.3% Triton X-100 and 5% normal goat serum for 10 
min. Cdlls were sequentially incubated with anti-PKOy monoclonal anti- 
body (Hashimoto et al., 1988) (diluted 1:1,000) for 40 min in PBS with 0.03% 
Triton X-100 (PBS-T) and 5% normal goat serum and then with Cy5-labe!ed 
goat an|i-mouse IgG for 30 min at room temperature. The fluorescence of 
7-PKC-flike immun ore activity was observed with a confocal laser scanning 
fluorescent microscope at 633-nm argon excitation and a 665-nm red glass 
filler. 

Resitits 

Characteristics of yPKC-GFP Fusion Protein 

To examine whether 7-PKC-GFP had the characteristics 
of a pnospholipid-dependent/calcium-activated protein ki- 
nase (PKC), we carried out immunoblotting and kinase as- 
say ofh-PKC-GFP and 7-PKC expressed in COS-7 cells. As 
showil in Fig. 2 A, 7-PKC and 7-PKC-GFP were recog- 
nized as specific bands with the reasonable molecular 
massfjs of 80 and 110 kD, respectively. 7-PKC-GFP was 
also cjetected as a single 110-kD band by anti-GFP poly- 



Figure 3. Phorbol ester- 
induced translocation of 
7-PKC-GFP in COS-7 cells. 
(A) Change in the fluores- 
cence of 7-PKOGFP ex- 
pressed in COS-7 cells by 5 
p.M TP A at room tempera- 
ture. 7-PKC-GFP fusion pro- 
tein was observed throughout 
the cytoplasm in transfected 
COS-7 cells. Activation of 
PKC by 5 u.M TP A induced 
the obvious translocation of 
7-PKC-GFP fluorescence 
from cytosol to membrane. 
Translocation was almost 
completed within 60 min af- 
ter the treatment with TPA. 
The same view was taken be- 
fore the stimulation under 
Nomarski interference mi- 
croscope and shown at the 
upper left corner, (B) 
Change in the fluorescence 
of 7-PKC-GFP expressed in 
COS-7 cells by 200 nM TPA 
and 500 nM 4a-PDD at 37°C 
Lower concentration of TPA 
(200 nM) induced the trans- 
location of 7-PKC-GFP from 
cytosol to membrane when 
examined at 37°C (upper 
trace). The translocation oc- 
curred more rapidly, and the 
complete translocation was 
observed at 10 min after the 
treatment with TPA. In con- 
trast, 4o>PDD, an inactive 
phorbol ester, at 500 nM 
failed to induce the transloca- 
tion of 7-PKC-GFP even at 
37°C. Bars, 10 u,m. 

clonal antibody (data not shown). The amount of mem- 
brane-associated 7-PKC-GFP was increased after the treat- 
ment with TPA as seen in the case of 7-PKC (Fig. 2 A), 
The degradative products of 7-PKC-GFP and 7 PKC could 
not be detected by the antibodies against 7-PKC and GFP. 
Furthermore, kinase activities of 7-PKC-GFP and of 7-PKC 
were translocated from cytosol to membrane fractions 
(Fig. 2 B). The kinase assays revealed that both immuno- 
precipitated 7-PKC and 7-PKC-GFP were dependent on 
PS/DO and Ca 2+ (Fig. 2 C). These results suggested that 
7-PKC-GFP had similar enzymological properties to the 
native 7-PKC. 

Translocation of y-PKC~GFP Induced by 
TPA and A23 187 

Intense fluorescence of 7-PKC-GFP was observed in the 
perikarya of the transfected COS-7 cells, and faint fluores- 
cence was seen in the nuclei (Fig. 3, A and B). The activa- 
tion of 7-PKC-GFP by 5 \xM TPA induced the obvious 
translocation of the fluorescence from the cytoplasm to the 
membrane. Translocation began at 10 min and was com- 
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Figure 4. Ca 2+ ionophorc- 
induccd translocation of 
7-PKC-CFP in COS-7 cells. 
(A) Change in the fluores- 
cence of 7-PKC-GFP ex- 
pressed in COS-7 cells by 
80 nM A23187, Ca 2+ iono- 
phore. A23187 also translo- 
cated the fluorescence of 
7-PKC-GFP from cytosol to 
membrane; however, the 
time course of the transloca- 
tion was significantly differ- 
ent from the TP A -induced 
one. Ca 3+ ionophore-induced 
translocation was rapid ahd 
reversible (upper and middle 
traces). In the lower trace, 
profiles of the GFP intensity 
on the same line across the 
cell were shown. (The mea- 
sured line is between the ar- 
rows in the upper left pic- 
ture.) The translocation was 
expressed as the increase in 
the fluorescence at the 
fringe of the cell at 30 s and 
45 min. Comparing the pro- 
file of the GFP intensity, very 
similar profiles were ob- 
tained at 0 and 5 min, and the 
fading of the fluorescence is 
negligible. (B) The 7-PKC- 
GFP translocation by A23187 
was not always reversible. 
The left cell reveals undi- 
rected transl oca ti on , while 
the right cell shows the re- 
versible translocation, as seen 
in A. Unidirected translo- 
cation was more common 
than reversible transloca- 
tion. 7-PKC-GFP eventually 
accumulated as patchy dots 
on the plasma membrane 
and in neighboring cyto- 
plasm. Bars, lOpjn. 



pleted by 60 rriin after the treatment with TP A (Fig. 3 A). 
The fluorescence remained on the plasma membrane for 
at least 90 min after TPA treatment and did not return to 
the cytoplasm in the cells tested. The 7-PKC-CFP in the 
nuclei did not appear to be translocated. The TPA-induced 
translocation of 7-PKC-GFP occurred more rapidly when 
the experiments were performed at 37°C (Fig. 3 Z? f upper 
trace). The translocation completed 10 min after the treat- 
ment with lower concentration of TPA (200 nM). In con- 
trast, an hactive phorbol ester, 4a PDD, at 500 nM failed 
to induce the translocation within 30 min (Fig. 3 B, lower 
(race). j 

At 80 jj.M, A23187, the Ca 2lh ionophore, also produced 
7-PKC-CjFP translocation, the time course of which was 
significantly different from the TPA-induced translocation. 
The Ca 2 *J ionophore-induced translocation was rapid and 
reversible; (Fig. 4 A). The fluorescence of 7-PKC-GFP 



translocated transiently at only 30 s after the stimulation. 
The first phase of the translocation was quickly reversed. 
The 7-PKC-GFP was retranslocated to cytoplasm at 90 s 
after the stimulation. The second and third phase of the 
translocation was observed 20 and 45 min after the stimu- 
lation, and finally 7-PKC-GFP was accumulated as patchy 
dots at the plasma membrane 60 min after A23187 treat- 
ment (Fig. 4 A, upper and middle (races). In the lower 
trace of Fig. 4 A, the profiles of the GFP intensity on the 
same line across the cell at various time points were 
<;hown. The translocation of 7-PKC-GFP to the mem- 
brane was detected as the increase in the intensity at the 
fringe of the cell at 30 s and 45 min. Very similar profiles 
of the GFP intensity were obtained at 0 and 5 min, and the 
fading of the fluorescence is negligible between the two 
different time points. 
The 7-PKC-GFP translocation by A23187 was not al- 





Figure 5. Thapsigargin- 
induced translocation of 
7-PKC-GFP. 5 ixM thapsigar- 
gin, an inhibitor of the en- 
doplasmic reticulum Ca 2+ - 
ATPase, also induced rapid 
translocation of >-PKG-GFP. 
Fluorescence of 7-PKC-GFP 
accumulated as patchy dots 
as in A23187-induced trans- 
location. Bar, lOpjn. 



ways riversible (Fig. 4 B t left cells). The undirected trans- 
locatic n (Fig. 4 B, left cells) was more common than the 
reversible translocation (Fig. 4 B y right cells). However, 
7-PKC-GFP was always accumulated on plasma mem- 
brane hs patchy dots (Fig. 4 B). A23187 at lower concen- 
tration! (10 u.M) also showed similar effects (data not shown). 

Effects ofThapsigargin on Translocation 
of T PKC-GFP 

To examine the influence of Ca 2+ released from the intra- 
cellular Ca 2+ store on 7-PKC-GFP translocation, we stud- 
ied the effects of thapsigargin, which inhibits endoplasmic 



reticulum Ca 2+ -ATPase and increases the concentration 
of cytosolic Ca 2 \ on translocation of 7-PKC-GFP. Appli- 
cation of 5 \lM thapsigargin induced a rapid translocation 
of fluorescence, which began within 1 min after the stimu- 
lation (Fig. 5). Finally, fluorescence -was accumulated as 
patchy dots on the plasma membrane as seen in A23187- 
induced translocation. Accumulation of 7-PKC-GFP also 
occurred in the perikaryon. 

Effects ofCa 2+ Chelators on 
y-PKC-GFP Translocation 

To elucidate whether Ca 2+ ionophore-induced transloca 
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Figured. Effects of Ca 21 * che- 
lators on A23187-induced 
translocation of 7-PKC-GFP. 
Pretreatment with 2.5 mM 
EGTA and 15 BAPTA- 
AM completely blocked 
A23187 (50 nM>-induced 
7-PKC-GFP translocation 
{upper trace). Treatment with 
2.5 mM EGTA and 15 \M 
BAPTA-AM rctranslocated 
7-PKC-GFP from membrane 
to cytosol, even after A23187- 
induced translocation had 
occurred {lower trace). Bars, 
10 M-m. 



tion depends on the increase in the intracellular Ca 2+ 
concentration ((Ca 2+ ]j), we examined the effects of Ca 2+ 
chelators on A23187-induced translocation. Ca 2+ iono- 
phore-induced translocation was completely blocked by 
the pretrdatment with Ca 2+ chelators, 2.5 mM EGTA, and 
15 p.M E APTA-AM (Fig. 6, upper trace). In addition, 
A23187-induced translocation was reversed by the treat- 
ment will Ca 2+ chelators after the stimulation of A23187. 
The fluorescence of 7-PKC-<}FP partially returned to the 
cytoplasnf (Fig. 6, lower trace). TPA-induced translocation 
was not Inhibited by either pre- or post-treatment with 
Ca 2+ chelators (data not shown). 

Immunostaining of Translocated y-PKC-GFP 

PKCs ard known to be digested between the regulatory 
and catalvtic domains by protease such as calpain (Kishi- 
moto et jal., 1983), suggesting that the fluorescence of 
translocated 7-PKC-GFP did not exactly reveal the local- 
ization of|7-PKC Therefore, we immunostained the trans- 
fected ceBs using a monoclonal anti^-PKC antibody that 
recognizes the regulatory domain of 7-PKC after the trans- 
location Was completed. As shown in Fig. 7, 7-PKC-like Cy5 
fluorescence was colocalized with the GFP fluorescence 
even afte{ theTPA- or A23187-induced translocation was 
completed. These results suggested that fluorescence of 
GFP showed the localization of 7-PKC itself. 

Translocation of Mutant y-PKC-GFP Fusion Protein 

To examine the significance of the CI and C2 region of 
7-PKC in, the 7-PKC-GFP translocation, we constructed 
mutant 7jPKC-GFP, BS 238 (CI mutant), and BS 239 (C2 



TPA 



A23187 



deletion) 
of the CI 
peeled to 
duce the 



as described above (Fig. 1). BS 238 is a mutant 
j region that binds TPA; it therefore was not ex- 
» be activated by TPA. Indeed, TPA did not in- 
translocation of BS 238 (CI mutant), while 
A23187 did (Fig. 8 A). The Ca 2+ ionophore-induced trans- 
location of BS 238 was insufficient compared with that of 
wild-typejrPKC-GFP (BS 186) (Fig. 8 A and 4 A). BS 239 
(C2 deletion) is a deletion mutant of the C2 region that 
binds calcium ion. In contrast to BS 238, BS 239 was trans- 
located by TPA but not by A23187 (Fig. 8 B). 

We also examined the kinase character of BS 238 and BS 
239. The kinase activity of BS 238 was dependent on Ca 2+ 
(157.8 ± 9.1% of the control; control kinase activity was 
measured in the presence of EGTA), but was not activated 
by TPA (94.5 i 5.6% of the control ). In contrast, the kinase 
activity of BS 239 was not activated by neither Ca 2+ (100.4 
± 5.6% ok the control ) nor TPA (81.2 ± 7.2% of the con- 
trol). The kinase activity of BS239, however, was reduced 
to 27.2% + 0.4% of the control by the treatment with 1 
\iM staurosporine, while the activity of BS238 was slightly 
inhibited by staurosporine (70.9 ± 14.5% of the control). 

K+ Depolarization Induced Translocation of 
rPKC-GFPin Transfected NG 108-15 Cells 

The translocation of 7-PKC-GFP protein was further ex- 
amined ynder physiological conditions. To investigate 
whether depolarization and subsequent activation of the 
voltage-gkted Ca 2+ channel induce 7-PKC translocation, 
we expressed 7-PKC-GFP fusion protein in NG 108-15 cells, 
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Figure 7. Comparison of the fluorescence of 7-PKC-GFP with 
the 7-PKC-liJce immunoreactivity. Immunostaining of 7-PKC- 
GFP-transfected COS-7 cells by anti-7-PKC antibody showed 
that GFP fluorescence and 7-PKC-Iike immunoreactivity had very 
similar localizations, even after the TPA- or A23187-induced trans- 
location was completed. Bar, 10 y.m. 

which have voltage-gated Ca 2+ channels (Atlas and Adler, 
1981). After the extracellular K + was elevated from 5 to 
100 mM, the fluorescence of 7-PKC-GFP was rapidly trans- 
located from cytosol to membrane (Fig. 9). After the 
translocation was completed, patchy dotlike fluorescence 
accumulated in membrane and cytosol as seen in A23187- 
or thapsigargin-induced translocation (Fig. 9). Reversible 
translocation, as seen in Fig. 3 B y also occurred in the other 
cells tested (data not shown). K + depolarization-induced 
translocation was abolished by 10 u.M nicardipine or 10 u-M 
<o-conotoxin GVIA, blockers of L- and N-type Ca 2+ chan- 
nels, respectively, but not by 2 u,M tetrodotoxin, a Na + 
channel blocker (data not shown). These findings sug- 
gested that translocation was triggered by Ca 2+ influx 
through a certain type of voltage-gated Ca 2+ channel ex- 
pressed in NG 108-15 cells. 

NMDA Receptor-mediated Translocation 
of y-PKO-GFP 

The translocation of 7-PKC-GFP by receptor-mediated 
stimulation was further examined. In COS-7 cells coex- 
pressing NMDA receptor channels (£1 and €l subunits), 
the treatment with 1 mM NMDA plus 10 u.M glycine in- 
duced faint but significant translocation of 7-PKC-GFP 
(Fig. 10). Simultaneous application of 500 u,M AP-5, an 
antagonist of NMDA receptor, blocked NMDA-tnduced 
translocation (Fig. 10). 

mGluRl-mediated Translocation of y-PKC-GFP 

We transfected 7-PKC-GFP into the CHO cells stably ex- 
pressing mGluRl to investigate G -protein-coupled recep- 
tor-mediated translocation of 7-PKC. Activation of mGluRl 
receptor by-1 mM trans-ACPD, an agonist of mGluRl, in- 
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duced a rapid translocation of 7-PKC-GFP with re-trans- 
locatic n to the cytoplasm within 20 min (Fig. 11). Simulta- 
neous application of 2.5 mM RS-MCPG, an antagonist of 
mGluRl, completely blocked mGluRl-mediated translo- 
cation^ 7-PKC-GFP (Fig. 11). 

Effects of Cytochalasin D and Colchicine on 
y-PW-GFP Translocation 

To investigate the involvement of filamentous actin in 7-PKC 
translocation, we studied the effects of cytochalasin D, an 
of actin polymerization, on the translocation of 
l-GFP. Pretreatment with 10 p.M cytochalasin D for 
min altered the shapes of cells; however, it did not 
the translocation of 7-PKC-GFP induced by either 
A23187 (Fig, 12 A), We also examined the effects 
colchicine, an inhibitor of microtubule polymerization, 
nv^stigate the relationship between 7-PKC transloca- 
microtubules. Colchicine, like cytochalasin D, did 
the TPA- or A23187-induced translocation of 
:-GFP (Fig. 12 B). To assess whether the pretreat- 
with cytochalasin D or colchicine described above 
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Figure 8. Translocation of 
mutant 7-PKC-GFPs (BS. 
238 and BS 239) expressed in 
COS-7 cells. (A) Transloca- 
tion of BS 238 (CI mutant 
7-PKC-GFP). TPA at 5 yM 
did not induce the transloca- 
tion of BS 238, while A23187 
at 50 n.M did. A23187- 
induced translocation of BS 
238 was insufficient com- 
pared with that of BS 186 
(control 7-PKC-GFP). (B) 
Translocation of BS 239 (C2 
deletion 7-PKOGFP). In 
contrast to BS 238, BS 239 
was translocated by 5 n-M 
TPA but not by 50 jiM 
A23187. Bars, 10 p.m. 



actually acted on cytoskeleton, we stained filamentous ac- 
tin with rhodamine-phalloidin or microtubules with anti- 
ot-tubuiin antibody. Both 10 u,M cytochalasin and 100 u-M 
colchicine disrupted actin fibers and microtubules, respec- 
tively (data not shown). 



Discussion 

We first examined the enzymological property of 7-PKC- 
GFP protein by measuring kinase activity with or without 
activators of PKC. As shown in Fig. 2 C, 7-PKC-GFP pro- 
tein expressed in COS-7 cells had similar enzymological 
character to the native 7-PKC. In addition, immunoblotting 
analysis revealed that 7-PKC-GFP of reasonable molecu- 
lar size, but not the degradation product of 7-PKC-GFP, 
was present as a donor of GFP fluorescence, even after the 
translocation from cytosol to membrane by the stimulation 
with TPA (Fig. 2 A). Kinase activity of 7-PKC-GFP was 
also translocated from cytosol to membrane (Fig. 2 B), 
These results suggest that 7-PKC-GFP protein did not 
lose its enzymological character as a 7-PKC, even though a 
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GFP, a protein with 238 amino acids, was added to the 
COOH tdrminus of 7-PKC. When the GFP was added to 
^ C NH 2 jerminus of 7-PKC (GFP-7-PKC), the distribu- 
tion of GFP^-PKC within a cell was similar to the present 
observation of 7-PKC-GFP (data not shown). The NH 2 - 
terminal methionine of cPKC, however, is known to be 
posttranslitionally cleaved and replaced with an acetyl group 
(Tsutakawa et al, 1995). Therefore, it is suggested that the 
fusion protein 7-PKC-GFP, rather than GFP-7-PKC, is 
better to Monitor the exact localization of 7-PKC itself. 

PKCs are reported to be proteolysed by protease such 
as calpainl a Ca 2+ -dependent neutral protease (Kishimoto 
et al., 19$3). If 7-PKC-GFP was proteolysed during its 
translocation, GFP fluorescence did not reveal the exact 
localization of 7-PKC. Therefore, we also carried out the 



Figure 9. K + depolarization- 
induced translocation of 
7-PKC-GFP expressed in 
NG 108-15 cells. Replacing 
the external solution with a 
high K + -containing one rap- 
idly induced translocation of 
7-PKC-GFP. The fluores- 
cence of 7-PKC-GFP accu- 
mulated as patchy dots on 
the plasma membrane and in 
neighboring cytoplasm, as 
in Ca 2 * ionophore-induced 
translocation. Bar, 10 u.m. 

tmmunostaining of 7-PKC-GFP with the antibody that 
recognizes the regulatory domain of 7-PKC when the trans- 
location was completed. As shown in Fig. 7, the imniu- 
noreactivity of 7-PKC-GFP coincided with the fluores- 
cence of GFP. Furthermore, the fact that the line intensity 
profiles across the cell were similar before and after a tran- 
sient translocation to the membrane (Fig. 4 A) suggests 
that the fluorescence of 7-PKOGFP exactly revealed the 
localization of 7-PKC-GFP itself, and the time-dependent 
movement of GFP fluorescence showed the translocation 
events of 7-PKC in real time. 

Immunohistochemical and enzymological analyses re- 
vealed that TPA-induced translocation was completed 
within 5 min (Kraft et al., 1982), although 7-PKCMjFP was 
t ranslocated more slowly and a high dose of TPA was nec- 
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Figure 10. NMDA-induccd 
translocation of 7-PKC- 
GFP in COS-7 cells cocx- 
pressing NMDA receptors. 
NMDAR£1 and NMDARel 
sub units were cotransfected 
with 7-PKC-GFP into 
COS-7 cells by clectropora- 
tion. NMDA at 1 mM was 
applied to cells in the ab- 
sence of Mg 2+ and presence 
of 10 \xM glycine. NMDA in- 
duced faint but significant 
translocation of 7-PKC-GFP. 
Simultaneous application of 
100 uJ4 AP-5 with 1 mM 
NMDA blocked NMDA- 
induced 7-PKC-GFP trans- 
location. Bars, 10 fun. 
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Figure U. mGluRl-medialed translocation of 7-PKC-GFP. 7-PKC-GFP was transfcctcd into CHO cells stably expressing mGIuRl by 
lipofcction as described in the text. {Upper trace) Application of l mM trans-ACPD rapidly induced the translocation of 7-PKC-GFP 
from cytosol to membrane. The fluorescence was retranslocated from membrane to cytosol within 20 min. (Lower trace) Simultaneous 
application of 500 uM MCPG with 1 mM trans-ACPD completely blocked mGIuRl -mediated translocation of 7-PKC-GFP. Bar, 10 \im. 
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essary for the translocation at room temperature. The dis- 
creparcy was due to the temperature since 200 nM TPA 
enough lo translocate 7-PKC-GFP to the membrane, 
translocation was completed within 10 min when 
experiment was performed at 37°C (Fig. 3 £). 
contrast with TPA-induced translocation, Ca 2+ iono- 
induced translocation was rapid and reversible. Even 
induced translocation of 7-PKC-GFP at 37°C was 
slower than that induced by Ca 2+ ionophore. Ca 2+ 
blocked the translocation induced by Ca 2+ iono- 
suggesting that Ca 2+ -induced translocation depended 
intracellular Ca 2+ concentration ([Ca 2+ ]j). In this 
the wavelike translocation by A23187 may reflect 
Itlernation of [Ca 2+ ]j . To prove this, we observed the 
induced change in [Ca 2+ ]j by loading cells with 
green-l-AM, a fluorescent Ca 2 * indicator, using a 
laser fluorescent microscope. A transient eleva- 
fluorescence was observed; however, no wavelike 
menon of the [Ca 2+ ], could be detected (data not 
In addition, A23187 commonly induced the unidi- 
translocation of 7-PKC-GFP, and the typical re- 
c translocation as shown in Fig. 3 was infrequent, 
why Ca 2+ ionophore induced the wavelike trans- 
of 7-PKC-GFP is unclear at present; however, 
explanations can be proposed. First, a wavelike 
ion of [Ca 2+ ]j is induced by A23187 under certain 
itions only, and the experiments using calcium green- 
were not performed under such conditions or the 
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calcium green-l-AM was not a suitable drug with which to 
fine-tune change in [Ca 2+ ]j becuase of its effect as a Ca z+ 
chelator. Alternatively, when the A23187-induced elevation 
of [Ca 2+ ]i was insufficient, the 7-PKC-GFP translocation 
was incomplete and transient, but subsequent production 
of phospholipids by various Ca 2+ -activated phospholi- 
pases induced a second or third translocation of 7-PKC- 
GFP. The results of the kinase assay of 7-PKC-GFP that 
both phospholipids and Ca 2+ were needed for the full acti- 
vation of 7-PKC-GFP support this idea. Thapsigargin also 
induced rapid translocation of 7-PKC-GFP, indicating 
that Ca 2+ influx from intracellular Ca 2+ stores could trans- 
locate 7-PKC-GFP, 

When translocation was completed, the localization of 
7-PKC in TPA-induced translocation was different from in 
the Ca 2+ -induced one. Fluorescence of 7-PKC-GFP was ac- 
cumulated in plasma membrane in TPA-induced translo- 
cation, whereas it was accumulated in plasma membrane 
and submembrane cytoplasm as patchy dots in Ca 2+ - induced 
translocation. These findings suggest that TPA-induced 
and Ca 2+ -induced translocation are mediated by different 
pathways and that the final localization of -y-PKC is dis- 
tinct after each stimulation. 

The treatment with TPA caused subtype-specific subcel- 
lular distribution in cardiac myocytes (Disatnik et al. t 1994). 
7-PKC was also reported to be translocated to Golgi or- 
ganelle by TPA in N1H3T3 cells stably overexpressing 7-PKC 
(Goodnight et ah, 1995). In contrast, 7-PKC-GFP was 



cytochalasin D 



0 min I 25 min 



+ A23187 
I 




colchicine 



+ A23187 





25 min 




Figure 12. Involvement of 
7-PKC-GFP translocation in 
cytoskeleton. (A) Effects of 
10 \iM cytochalasin D on 
7-PKC-GFP translocation. 
Treatment with 10 fiM 
7-PKC-GFP affected neither 
TPA- nor A23187-induced 
translocation of 7-PKC-GFP. 
(S) Effects of 100 >iM colchi- 
cine on 7-PKC-GFP translo- 
cation. Treatment with 100 
p.M colchicine did not affect 
TPA- or A231 87 -induced 
translocation. In these exper- 
iments, 7-PKC-GFP was 
txansfected into NIH3T3 cells 
by lipofection as described in 
the text. The concentrations 
of TPA and A23187 applied 
were 1 and 50 jxM, respec- 
tively. Bars, lOnxn. 



mainly translocated from cytosol to membrane by TPA in 
our study As far as we could determine in various cells 
(COS-7, CHO, NG-108, etc.), 7-PKC was not translocated 
to the Gclgi complex. Transiently expressed 7-PKC may 
have diff« rent properties of translocation from native or 
stably expressed 7-PKC. Otherwise, an addition of GFP 
may alter the translocation nature of 7-PKC. 
In our present study, 7-PKC-GFP was translocated by 
tiysiological stimuli. The findings showed that 
activated and translocated in living cells. In ad- 
n ceptor mediated-translocation of 7-PKC-GFP 
and reversible. In particular, mGluRl-medi- 
iranslocation was transient, indicating that 7-PKC 
induced by receptor-mediated breakdown 
atidylinositol was not sustained in living cells. As 
nediated elevation of Ca 2+ was found to be tran- 
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sient by measuring fluorescence of intracellular-loaded 
Ca 2+ green-l-AM (data not shown), mGluRl -mediated 
translocation of 7-PKC-GFP may depend on intracellular 

Ca 2+ . 

To elucidate whether the translocation of 7-PKC is asso- 
ciated with the activation mechanism, we examined the 
translocation of mutant 7-PKC-GFPs. TPA induced trans- 
location of BS 239 (C2 mutant) but not BS 238 (CI mu- 
tant). In contrast, Ca 2+ ionophore translocated BS 238 but 
not BS 239. The kinase activity of BS 238 was dependent 
on Ca 2+ , in parallel with the results of BS 238 translocation, 
while the kinase activity of BS 239 depended on neither 
Ca 2+ nor TPA but was blocked by the staurosporine, a po- 
tent kinase inhibitor, suggesting that BS 239 may become a 
constitutively active form by a mutation. TPA-induced 
translocation of 7-PKC may not be coupled with its kinase 



activity, as the staurosporine did not block TPA-induced 
translocation (data not shown). As shown in Fig. 8 A y 
Ca 2+ ibnophore-induced translocation of BS 238 (CI mu- 
tant) i^as insufficient in all cells tested. Based on the re- 
sults o^ the kinase assay (Fig. 2 C), Ca 2+ alone appears not 
to induce the complete translocation of 7-PKC. As Ca 2+ 
has been reported to activate the production of phospho- 
lipids, including DG, both calcium and phospholipids were 
needed to induce complete translocation of 7-PKC. 

Although PKC translocation is a well-known phenome- 
non, the molecular mechanism and significance of PKC 
translocation have not yet been clarified. Phorbol esters 
translocated some subtypes of PKCs from cytosol to par- 
ticulate fractions including cytoskeleton (Zalewski et al., 
1988; : aken et al., 1939; Papadopoulos and Hall, 1989; Ki- 
ley and Jaken, 1990; Mochly-Rosen et al., 1990). In pil- 
PKC, vhich was reported to be translocated to actin fiber 
(Gooc night et al., 1995), it was proposed that receptors for 
activated C-kinase (RACK), present in the detergent- 
insoluble fraction and bound activated piI-PKC, play a 
role in the mechanism of PKC translocation (Mochly- 
Rosen et al., 1991; Ron and Mochly-Rosen, 1995). To elu- 
cidate whether cytoskeleton proteins such as actin or mi- 
crotubule are involved in PKC translocation, the effects of 
cytochalasin D, an inhibitor of actin polymerization, and 
colchicine, an inhibitor of microtubule polymerization, on 
the translocation of 7-PKC-GFP were examined. As shown 
in Fig 12, pretreatment with neither cytochalasin D nor 
colchicine affected 7-PKC-GFP translocation. Further- 
more, 7-PKC-GFP translocation occurred even when the 
glucos; in the external solution was eliminated (data not 
shown). These results indicated that PKC translocation 
did not need the cytoskeleton and glucose-dependent mo- 
tor protein that are essential for some types of protein 
trafficking, such as an axonal flow or vesicle transport 
(Bloork 1992; Cheney et al., 1993). In addition, based on 
the findings that the C2 deletion mutant of 7-PKC (BS 
239) could be translocated by TPA, phorbol ester-induced 
translc >cation of 7-PKC from cytosol to plasma membrane 
is probably not necessary for the association of RACK be- 
cause RACK was reported to bind the C2 region of PKC 
(Ron and Mochly-Rosen, 1995). 

In conclusion, a GFP fusion protein with 7-PKC is a use- 
ful tool for investigating the mechanism and significance 
of 7-P ECC translocation in living cells. 
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^ Protein kinase C (PKC) links various extraceUiilai- sig- 
nals to intraceUular responses and '. is = activated , by di- 
verse r intracellular factor* including diacylglycerol, 




by ; activating hetefotnmenc guanine nucleotide-bi nam- 
ing : regulator^ proteins lG,proteins/;(3^ G proteins are com- 



r*..*- j 'u -j ■ ■' • j i--;"t.^""~* * posed of;p : an'drpT-subuniU.Vboth 'of w 

Ca* , and arachidonic acid. In this study usihf? a fullv : fc - *• ■ ^ -y;. .>. • .;• ; .<-wv>, • •• ■ 6 

u-.i " . y ' ■ °*JL5r2 v moieties and mediateVceJlular; responses by -.modulating, the 



; functional green fluorescent protein conjugated Pkr m ^i:-.^; ., : . : >. r , > v., y, » ( > . 

^iGFP : PKCfM), we demonstrate a. no veL approach^ - - ty ° f effeCt0r Sy5tem5 and ^els.of various sec 

■ study the dynamic redistribution of PKCin live cells in 



' . . ond messengers U). ;G^o is one of the major G pr«ein'.o r 5ub-x 



." response toG protein-coupled receptor act ivation. Ago- 
nist-induced PKC translocation was rapid,', transient! 

; and selectively mediated by ; the; activation of G q a- but 
not G.ct- or Gja-coupled receptors- Interestingly, al- 
though the stimuli were continuously present, only one 
brief peak of PKC membrane translocation was ob* 

i served, consistent with rapid desensitization of the sigv 
haling pathway. Moreover; when GFP-PKC0U was used 
to examine cross-talk between two G q a-coupled recep- 
tors, angiotensin II type LA receptor (AT j^R) and endo- 

■ tSelin A receptor :(ET A R), activation of ET A Rs resulted 
in a subsequent loss of AT^R responsiveness, whereas 
stimulation of AT, A Rs did not cause desensitization of 
the ET A R signaling.; The development of GFP-PKCjSU 

lhas allowed hot only the real time visualization of the 
dynamic PKC: trafficking in live cells in response to 
physiological stimuli but has also provided a direct and 
sensitive means in the: assessment of activation and de- 
sensitization of receptors implicated in the phospho* 
lipase C signaling pathway. ■ re- 



unite and is coupled to. a large number of receptors including 
angiotensin receptors ancj endpthelin receptors! The activation;: 

■ °^ ^ y tn w ^ceptprs trigger^ the hyarolysi s brmembrane J „ 
inositol phospholipids: by phosphpHpase C/5 to foirn two imjpor-; 

:i ; tant second messengers /inositol ;1 4 r 5-triphosphate ( IP 3 rand 

diacylglycerol (DAG) ( l j 5, '$),; The binding of IP 3 to its inira-/r 
• cellular receptor results irv a rise in intraceliular Ca? ~ 4 7.*. The: : 
:'• increased membrane. DA^ intraceliular Ca?* lead'to thet; 

■ mobiliration of PKC to the plasma merobrane and its subse* # 
; quent; activation^ ^ 

.; manv , other lipid;inediaiors^sucn as arachidonic acid Has beeri>^ 
:-. associated ; with many im^rtant biological functions including^.', 
cell proliferation^ ^ differen ti a tipri f " and gene expression U 2. 6 ).•:?'. 

In G ^ o-coupled recep wr si gnal transd uction; PKC acti vati on :..• 
not only serves to rel ay the' sigTia 1 from efTector pHps ph pj i pase ; v'; 
Cp to various PKC i substra Us ^ 
;•;: lar wponses] but feedback effecu.on ^e system^ 

y and is involved in the: turning off ;of signaling from: the recep^/< 

■ tors, an imjwrtant regulatorv procMS: termed desensm 
(9, ip):;T>e ; abiIify^bf-PKC to^pho'sphqryiate and> desensitize a^ ^ 1 

■. ■• : — , . . ^ ■ — ^ '.. ' ' J, _ , . ' ■ ■ — [■ receptor T^lieS'bn' ^eve^t^^ o( } consensus' PKC-phosphbr> : l^t; 

J^r^Tne protein kin " atio^sitets) ar the inWaceilular.domaihs of 

V .it serine/threonine .kinases plays key roles in the transduc-^ lil Sin ^ e f ^ C ^ °^ [ not discriminate between agonist-occupiedv 
; tion and regulation; of many cellular signaling processes by ?f -unoccupied re«p^ is believed to V 

catalyzing specific substrate phosphorylation (1, 2j: Activatjon' . : a£SOnat « d . with. both homologous and heterologous desensir^; 
*W protein kinase C can be. triggered by stimulating a^wide : toiation orG^rotemrCoupled^receptorsXonsequenO 
VVvSriety of plasma membrane hormone^ ne^fo transmitter and fi of ^ 10 a G q a<oupled Receptor, agonist that causes :PKC^ : 
^^groWtK factor receptors,' amorig which seven^ransmembrane *G-- : acti r a ^ on potentially, res ults : not ^ohly ^in ,the: loss; of. cellular^l 

VI- protein-coupled receptors (GPCRs) . relay iexiracellular si gna%:S^ 

' * , ' ;*•" ' r . ' , * J : ^ cellular responses to various o^er agoru^ts^^^f v^^N^^f 
■V-.:. ■ ■■• .. . ... .• .• " ■ - ■ ...... — — : . ' . . ,- : . -r — "-, The <rurrentrmethbdi: of assessing G d o -coupled receptor sig-^v- 

'^i;!?Si!!«n^ majnlv on ie generation^ 

Ar.Grant HL^3707. .The cost* of pubheauon of this article were derrayed*j : ^f ro ~i iili: • - ' ^ - i^^i-- i ! ^ w v * ; ; , n 

i4 ! in part by the payment of paje, charge*. This article must therefore oe!^ : ° f IPj , or . the Jncrea^e >of intracellular. Ca? , as. a result, of IP 3 \£ 
.ij -hereby marked "odurrti semint' in accprdance With ■.. 18 U.S.C! Secuonf . B'eneratioh (16 -18);; Hqwevier; neither . a pproach ; assesses the^ f 
i : :ii"34.;solely. tb'indicate this fjet^-:.:-..^.^-- • . ^L^l'.k/, ' ^ : ; equally' important 'and^indepehdenVhrancH: of phospholipasel -C 

l^fl T ^°^ m ^ nd ^ ^ d ** ' d ?!;?* e t\ P'W.of Bipehemii^? C0 signaling reflected by the production;of DAG and the sub- ! - 
•V, try. Medical Oniversity of Sou ih Carolina. 171 Ashley Ave., Char estori* "-u ; * r ■ . . , . , V> 

*^v : SC-29425. ' '^f : ..T:-'' . .= .'•••>::•*•»• >: . ■ sequent membrane translocation and activation of . I?KC. AJ : g 

''}}:■ ^The abbrr^auons used are: PKC, protein kinase fci'P^^eiAl^iiKvJ though as important 'as 1P 3 . DAG is rarely used as a measure- :-. v 
.. j; pendent protein kinase; GFP, pe«n fluorescent protein; EGFP; en-! ! 
vvhanced GFP; AT, A R. aopotensin II type 1A receptor: ET^R. endothelin : 
: ^* A receptor; fiyAR: ^,-adrenergic receptor. D,R t dopamine D^ receptorl 

HEK- 293 ecus, humajrerobryonic kidney 293 cells; P.AAAi'phorbol/^-V;.' 
■*^;myTisu>yl : 'i3-aceiate;'T 

eroi; PBS. phos'pKa 
v'j : protein -coupled receptor,;. 



I? jvment in assessing G ? o activation because of ;its'.quick turnover ^ 
^ ; , : * 1 >.and ,.the lack of techniques to fol]bw.. : iu/.real''tinie: cellular 
r "- distribution or: behavior Moreover -biochemical 1 studies 1 h> ve" '\ 




Thu paper ii xvaiUble on line jt hrtpj'/ww^.jbc.ort. 



■PKCJGFP Trafficking and CPCH 'A cti vat ion 'ah d Deserisiti cation ; 




/^-'afid/.a ft er -' act i va tion//by* . phbrbol esters by;iramuhoflubrescerit ; 
:}'-^Vmici^c6py.-iri fixed ''cells'* i 9; 20). However, the same method Ts ; 



;.V; CO, incubator at. 37, 'C: Cells were seeded at h density 6i -.0 ■< }(}* 
cells/ i mm dish and trnnstVcted usi rig a mi»di ftvd calciu m phosphate 



/ ; : A< \7 P , yewiiaiu^aLiuii J V u * e ,ev i e . 1 Ul .^^^-/^^..J-nii-MLl. pH S O. lot) .mil :NaCi.l>.5w I 

';%J y In the. present study/ we; report; the development, of a green ^'^^ium^tnhtA^nadate. ' i vm.M dithioi! 
t L ; fluorescent protein cohjUgKted PKC^I I VGFP-PKC/HI i to study ; ;>^mi; jpnkinin; 10 ^mi'tr>:psi'n/chyn 
; HP<PKCmobilizat^ m>iph«h;v1m^ylsulfaayl;n, 



^>Y* : ^ ; nbt applicable in following • the,; more physiologically relevant^ method xittf' l- 10 nt'tf plasmid ; 30i;v ! 

1^: ^ redistribute to receptor activation jn live -/"^ w*re transfected with EGFP;;; 

• -::.r:. _ ^ :i . , ; n ^ • - . t\ ''<■■- i, ^ ;; ■ >' a fter i ra nsj ection as follows: The cells were washt-d with cold PB6 and,v ' Vi ■ ;! ' 

•l ./ ^K 0 ; ?" 1 ^^^" »n response to. receptor activation is related to ; f 50 j ub ,| i2l ^^ n .„ « ml iirivsi i buffer with proten.eunhibitors o0;rri>«. - 
••O"^?^? 1 . 1 '"** desensitization at the level btrecep^b^ NaCl. o.5^ Nonidet P-40. 10 m.M NaF. I m\i 

' - J! - ' ** — •1Uhi^hreitol.;'ib\ i M© r mlN leuptptin.: 1Q;V*> 

iym«ur> p?in inhibitor. 5 Mg/rol'P**P* ' i 

lization;in response to agonist stimulation of G pro- V * iaun mM P wn »myi;fluonde> for l h. and thel>satM or V 

■^tv ^ tein -coupled receptors a nd to assess the activation and deaen- ; . i . ™-Anlr o v c u w v j - 

^-r ' -'v r > . - ; .-ii-t A- n ■♦*• • * - j " , - . : - tated with PKCflll an ubody. Protein A-£epharos< beads were used to -.* 
:^0:^s)tizuion:of these receptors;; GF^^ 

&^£;^^ n .-^ S P-^^ A". Inherent green biplumi-,.^ buffer followed by one wash With kinase Duller i.50 m.\i Tris-HCI: .'pli.",v4.-; 

nescence-and^hiM.bWen reporter molecule' ;0iO rnM'NiiF. 1 mM Na^VO,! 0 5 m>i EDTA. 0.5 m.\i! ECTA. 2 mM M^l^ir^r 
V^.g^ih' -the .-loca I iza tion v > of .rnemDrane : ?Teceptora;Vcytpplasro ^ci'vity : of jmrnunuprecipitated proteina was analvzed. by : ; 

: :! ;4 • teins^and fusecl to the^wninor/P^^ 0 ^" 0 ^ C^iiy^ee below,^^; ^/Jpf^;U, t ■;}.< *• ^r.v^ 

i ^^^j^fny-p^ tu^ ' :<v " ^i^;'^-^ I 1 -*^ rro Dirron ^ Immunobiot— Cell Ivsate* from: HEk ,293 ^ cells transected ; with ; ; 
: ?rmmusof PKCpIl, the resulting fusion protein. Grr-rKCpII, ^^ „..„„., nor-nii j ^ , ^ ^nc , ^ , • , ; 

. r-. t v , " j -Z-.v > . - , : , ^ > . ; ,_ - . i- . , : . EGFP. PKC01I, or OFP-PKC/JII were separated bvsDb-polyacn-bmide^; 

. , :y ;^(ound ^ tn terms of ju. phospholip^ elextfophoresii. and electrophoreti^ onto nitrocellu : ; 

■ >>i dependent; kinase; activity , and its; ability- to ^translocate from , :; : :| Me Wmbrancs,! 3 I f. The membranes were blocked in PBS wttii 010 ; \ . 
^.vif^^'cnoplasrn^"^" - the jpIasnia-"Memb>ane~ in ^ response^ to ' : phorbol ; '^vTween'-iO and ^ dried ;millc probed with anti-GFP : anybody • l:250O\r 
-~ ester' i |P>LAT-stlmu b tionr simi la r to that reported for a PKCy \ dilution' or rabbit antifPKCplLaiit ibi^y^l :2000 djlut ipn and exposed X*l 
^ ^ conjugate < 28). laterestingi y, while irV PNL\^reate^ cells ^ usin ^ the enhanced, chemilumiWescence • ECt> Western blpttinj: rlctec- ' 



: GFP*PKC/3n remained on the plasma membrane, in cells stim- . 
t -^ ; ; ^ulated7 with \ physiu logical signals ^that activate ",G q o -coupled 
>k , to* the plasma : 

;: m wai found to be transient . reaching;, a peak and 



tion iystem 'Amersham PharmacLa*,Biotech' r ^ v v"; v ( , ^ i- • 

Prottiri Kinase C A«ov— PKC activity was measured iisiriq the' ves-' ^ V.< 
icle assay for PKC M;de6chbcd previously \ 32 K Standard assay condi : 
lions ; were as 'follows: : 20 mM TriirH CI; pH 7 . 4.1 1 00 u>i M^Cl^V mil 
; CaCl..', 10>m ATP . i 6 - 1 5 . ^ Ci/m 1 jv-'-PjATP. 40 ^mj phosphatidyl ;r; ^ 



being reversed within minutes, This provided a real time visual 4 5e'rine7iiatdipctanoyl : glyceroi vesicles; and 200 ngfml histohe; U IS ai, v \ ; ' I 
; ~ ^Sdembnst^ isoenzyme in ^xibst n ie m at 30 *C (or 10 min. 10 ^m. E^TA . f ^ 

•■^ 'WS ?^^^-' ^ v ' tn lipid . and/or protein molecules"; oh the plasma 



■• • •• < <■ f v ; -i* r . wafl used in determining basal kinase aclintv The ph<raphon latea 

d\*namic nature of the interaction of ^ , w enc • i , j " . i^,^. - r«i 

* ■■ proteins were analvred bv SDS-poKacr>'l3""de gel electrophoresis tol: ■ 



:!-;3^hde^ t^ only signals activating G^ai but not G,a- arid G^a- 
coupled r^eptore;and;suc were transitory, our.re- 

^J: suits also v demdnstrate; a\n |i m ipo rt ^aht 'analytical role of GFP- 
t PKC^II^as a s reporter in . theijstudy; of ; Gqa-coupled receptor 



^activation and desensitizatibn \ ; 'j 



.1 J' 0^/eno/5^(^ n PlAJP, was n^rchiied from'NEN Li fe Science Prod-' 
'2[uc^ ; Slonocjohal antibody agaihst GFP was from CLOOTECH : Poly- 
^clonal rabbit antibody against ''PKC/3H was pre pared 'arid extensively 



■ lowed by autoradiography:;^: 

■'■ Jndirivt/Jmmunofiuory^ ce)U' >erei seedod oh .; J 

glass coversli psi placed m six-well cul ture d ishe s a t a d ens i ty oi" 5 , 1 0'-,j^ 
« 1 Is/ w e 1 1 . ; For : ; c x penments in vol>i ng phor bo 1 e ste r t re a iment. \cc\\i ■{ 
: : "were, treated fwith= lOO-nii PNLA for 5 mih.- The cells were then rinsed _j ; ;; 
; = brieriy in PBS and fued in 3.T^ paraformaldehyde for 10 min. The fixed ;^ 
eel Is were, -pe'rnteabill red in PBS; con tain l ng ; 0 /2f K : Tri ion X - 1 00 for 1 <V ^ 
':■ " minVahd : .bJbcked 'ihjPB.S ;cbritainihg'. 0 :27c . boyine serum albumin for 10. 

min; After ; 1 ii^ of incutetibn />yith , ami> PKG/3H -'polyclonal -.antibody / ^. 
_ i 1: 1 00 dilution if th«-'ce]ls;\werV-,^-ash"ed, and incuboted^ wi;h (1 uorescein'i v I 
isothiocyanate^njugated donkey- anti- rabbit; IgG \ 1:100 dilution > for j ^0 1 
i h. The ; J cover5lips were mounted on ^ the; slid m /. r^r- it I 

Vnofluorescenc^^ with 'a Zeiss LSM^4 10. laser scanning ^ r; ^{^ f 



,^;:r^rUharacteriied'a previously »29». Mammalian expression "yec : ..:^ exaUtibhf;f ^'-r,:../ X; -^r.ix^w^v- ^ r :;' ;.3; v'' , • 

>y-lij;|^r;pBk^ cq/i/bco/^^ 

^SSi|!?^^^ECH.^pecu^v^ or .ci. ^'PKCjUJ' ah^one'or.iwo of the- p;-protejh : .<»upled ;receRtors:ai:dei»cribed ; I 

^ t^fl^New England Biolabs-. Am p I i : Taq ON" A. polymerase' was Obtained from, /in figure legends.; 24 h^ft er transfec t ion. jJic.; cells .were platod onto V= - 
^^■7/2*. AVPerVin-Elnier'.' Protein . A^S^p^cbse;CL-4B was from Ainershara 1 
;;^:tf^ J ^'maicio Bibtech/Phosphatidylserine and sn -ilioctanoyl-glycerol were f 
\ ;.y^chased ,(ronv' Ay antj . Polar Lipids I nc; Eagle's' minimum essential i 

d^ . , , , 

^SK^from Life*- Technologies. Inc: Fetal boyine Verum: was obtained from IJforrhed.on'a i^iss "l^I;410 1as^jr scanning microscope using a . Zeis>;/;u 
^^2%SuminitJ&iot« don- vN v i.-3 ^ NA^od^I'mra^ionvJen*.'' The cclU.were keptvwann dunnc.-^^ 

^;ft;!W^ke^ IgG was from Jaclwn ImrnunoResea^ mjcroscopyvat 30,*C in cult ure medium containing 20 mM HE PES tm.ii^^jf' 

^ ; \^]fI>5 : inci^l'othef>hem from'Sigma^kc^ l-^y:^> ' - ■^'■f--: ■'heated^micro5Copeyt>ge.;C ' 

; el 




cDNA Vas inserted ber 

.'tweeh BamHI and Kpn I sites of pBK-CMV. A unique B«HII restriction ; 
L-!V..:j'Cr ;,j *it* located three base pairs prior to the start codon (ATG) of 
; 5<.&PKG3n cDNA/To ronstruct GFP : PKC0IL EGFP cDNA without the 
'^'^Xfi-stop'coitoh was first amplified from plasmid pEGFP Nl by polymerase, 
^V^- riract i on using 5* -oligonucleotide primer 5' CTGAACCCTCA-,; 

^ GATCCtCTAG -3' < based on the sequence of pEGFP-Nl from 575 to 



tec ted 5e^ujt>hiially'UsingVthe Zeiss.LSM software time series f 
wi th s ingle 1 ine. exci t a t i p n f 4 SB n m i w i th a t » me , i n t e rv a 1 o f 20, s t 



series function V 
ingle line. excitation ■; 4S8 nm i vvith^a time .interval' of 20, s between 
two scannin^sV^ Various^ drugs were applied -loathe. ■ celU , duri ni; t he v 
scanning "of CFP^PKCCU transfected cells. ^ T j'-.; : i. " 

:• ;^':• ; ';v"V5^• : '^f\.'v^^^^^ ! •'; results v :! -;.: - : v.^,; 



Comparison of Wildiype PKC fill and GFPPkflSU— Due to 




^cassette was gel-purified; .digested with Sam HI and Sas HI 1; and di 



p porter 

, ^ rectlv inserted between the So ni HI and BtsHlV sites of plasmid pBK* ^ ou ' intertenii^ with ^eir^ < 21. ;^3. ; CFPy 

■ B^tV PKCUlI p was; constructed by fusing EGFP to the, ^ -end ,;'!. 

A &eouence j>f the construct-.. was cbn'firmvd bv^DNA sequencing? The PKCilII-'< Fiff. 1 ).AV"heri i exarhinetl usin« SDS;polyhcryb n VS^ W}\ 



BtmHI 



PKCl GFP. Trafficking and GPCR Avtikirionjxrid Des^isitizaiioh 



BuH D 



EGFP 



i 



hPKC pir 



; (573 imjrio »c«Js; 30 fcB») 
,; ' >' \v ' ■ 'pBK-CMV polylirJter . 



t 



ff-V l. Architecture of GFPPKCJJII fusion protein m pBK- 
CMV vector. As described under ^Experimental Procedures, the 
' EGFP fragment without the.itop codon was inserted at the 
-human PKC^H thPKC3H> cDNA with.SamHI and BssHW 
J indicated are the numbers of amino acicis and expected sues of hO^P 
^ and human -PKC3I1. :^ / v ^^-^^ y." ^ ■;';;..>■ • .3-.' 



coii^v^lvurh had be«n transiently transfected to overexpre^s the; 
AT; v lx uid GFP-PK0/3JI. In the absence of receptor activation., - 
coniVuni microscopy revealed that GFP- PKC 1 1 was evenly dis^ : 
" trtlniicil throughout the cvtoplasm. However.. Upon agonist ac- 
• t i v ; i i tY.n of tne AT j \R, a redistribution of CFPPKC Jill tq the. 
; pLisina ; membrane 'arid clearance of cytdsnlic fluorescence oc- • ■ 
cuiTi-a liid: peaked : wnhin 40 s. Thi*: angiotensin ll-induced - 
- C FV i I M<tii! I Membrane tramcking ^ 

..tlu .inHislocation caused by PNLV stimulation, which did not ; 
^pi^wntWa^ P*SL\- ■ 

riiui^-.\i irahs!ocation ^ in;which : PKC remained persistently lo : - 
>:c:iU/I : ti .nn the plasma; membrane.; the ^mobiliiation of GFP- ^ 
PK( ; ,Vu 1 1 > the pla s ma membra ne - fo II ow i n g • AT t ; v R : activation 
. ' ' ; t . . - ' ' : W _ 1 ■ ^ -k ii ^ ^ ^ ; ^ i r i h w t >rf ■ n F P- P KC i3 II r a d i ci U re - ^ 



^electrophores^lbilowed by^mmunobfo^ 



;^ found to express to the same extent in H£K; 293 cells as wjld-- ;; t ii m .; ;jy ;itne f or GFP-PKC/JII recovery- in the cytoplasm in Ahc 
*~ type PKCfltl but migrated more slowly due to the added mass . . m: ,j,tHK of the bells observed ranged from 20 s to 1 min after ^ 
V V of GFP < Fig 2A ). To compare the biological activity , of GFP- - ^ GKl ; lM<t:jjn;membrahe translocation* Moreover, even in the ; ;; 
- PKC0I1 witrt that ;ofwild-tvT>ePKC3lL both proteins ..were ^ ^ ^ uiilu ^^ presence of angiotensin II for 30 min, only an initial ^ 
A immunoprecipitated from HtK 293 cells transiently express- ?i ; b nrl ,M^"k bfPKC membrane translocation was observed f da ta^ 

, ing G^PkC^II or PKC3irwith an antir^ against PKCpiLp, nol s|, ( ^;^^fHese \isual results are consistent Ayuh biochem ; ;^. 
" J 1 analyzed for their relative kinase activity using a recently:,; i p: i| ^ M|i ^ ; n ^ C ating a dynamic nature of PKC/3II in interact-- 



,. ui:vciuireu i assay with'histor^ . . 

• A5 shown in Fig: EGFP TO b^r!m . Vi^u^ receptors: those 

^. C;~ n S*\*ix>Hv Knt rrnnsfectibrt of either GFP-PKCflll ; • ...i.^r.V'ri':*- -i** Hir«-rlV dissociated with the acti 



VU v luw .,ua W — . coi.|>h,l tb G-a are directly associated with the activation o 

W PKCSII significantly increased the phosphorylation o(\h^ , , 




.h.,lipase C. resulting in the generation of diacylglycerol 

-1-1 -IT C.- rece p. 

paraoie wnn uuu 01 wuu-v,» H «. « .— - au .i wuh uie production of cyclic AMP. To examine the speci- 

■ fusion of the GFP mo)e<rule to the N terminus of PKCPII has.no , fitjiv ^j^^jy of agohiit-induced PKC trafT.cking. three 
significant effect on PKC acuvity. " . . 7 ' ; additional G protein-coupled receptors were, tested for their 

: Phorbol esters such as PMA are, well known to mimic the ah .j iiv |( , irigger Gfp.pKCplI translocation.. including ET A R 
. acUori of diacvlglycerol in.inducing PKC to translocate from to ^ M ^q^,^ .^pied to C.«'. and D.R.coupled to 
cvtosol to the plasma membrane . 1. 34 > r Thus, the ability ot . Q i .^ HER 293 ceHs. transiently transfected with GFP- 
GFP-PKCflll to respond to PMA was also examined (Fig 'it.: p K V,i|| and EX^Rfa rapid PKC membrane translocation was . 
-" topi. Under normal unstimulated amditions. GFP-^ endothe . ' 

■\i< evenly distributed' in .the cytoplasm: and excluded from the ]jn . , K| 3B , Similar to that caused by the activation of the . 
• : ; nuclei, a distribution exactly rejecting the cellular locahzation A y , { thi j E ^R: P romoted redistribution of GFP-PKC0 1 1 «as • 

:i:;?o^ 

cence microscopy i Fig: 2C.; Middle,: Stimulation with 1 m« ™A tr: ;, ) , | ;- ;ted to£oexpreS s G FP-PKCplI with either fl^AR or D,R: ;;. 
: triggered redistribution 0 r GFP-PKCPU to ^ ^^^J^:,^^^ receptor by its cognate ligandaffec.ed 

f brane. This membrane translocation: was completed wuhmj , ln .. .li^ributibn or GFP-PKC0II fluorescence . Fig. 3; C and D 

.r^ '/ri. and about 90^of GFP-PKC0II fluorescence was mobilized ** -p^ * . -""Vos ill ts- i r» dLi cai t« * i Ka«T ti» e " raobi liicatiori of GFP;PKC0II m . 

i JZfr the plasma-membrane; similar ^. a ' ° bse ^' C %^ th '""f' liv,: .,;i| s are selectively mediated by receptors activating the . 
k fected wild-type PKC/3II in fixed ptrrnii Lid^iFP^ 1 ph'<>.|ihi>lipase C signaling pathway including GPCRs coupU-d 

^.and middle ..The distribution^ wild-type PhX^n . , J not G.a and G.a. : • ' f ' J^rU^f, 

; k ported distribution of endogenous PKC/3U in USJ . » c L"" f jr pKCm Traffickme^-The observ ation: that there was ; 

/ .expressing endogenous ;PKCmi;.35. In contrast^ 

.^PKCplI/^.iconjugate^.GF^ mo.^ 

throughout the cell body, and then- distnbu ion vvas^not at trans.toH nature of PKC trdfTick.ng in :re S pon>c to 

.^ed byPNUiFig-C^^Theser,^ wi th the rap.d 

of ATi^R or ET A R signaling. To further 1 in ves- ... . 
i^rnericih^HEK 293^c>lis arans^ted with GFP- 



■'- ■ ' through activation of G protein-coupiea revepi ^ L r- * i^-^«»nr' -irt vatidn at a step pnor to PKC 

' , i„,tU,f studies usmg -focal micr^py e^^^reM ^ -^3S^ ^L th31 PKC 
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c hc; 2. ChBrtctirixatibn of GFP PKC^n fiwioh protein ei- 
pressed in HEKt293; cells by iminimoblpUing;anAly$i^ prp^D , 
^kinase C assay, and con/ocal microscopy. A, shown, are inununV; 

Vblou 'or hbraogenates /from* HEK 1 . 293 cells", transfected ,wiUv . 1 .of, ,* 
I pEGFP N lfi/o/if '/ pBK;CNIV : GFR-PKC0II M/onr 2 h and ,pBKf»IV.:.>. 
^ PkC^ri^Voh^J) prbbedwithl ^ycloriaJ antibody against PKG0II-(fc/» 
^in^mbn&lonal'^^ ! 
^loaded in each 'lane*: As eipected;,the hbmogenate from cells transfecud 
}-withpBK-CNrV-GFP-PKCalt: showed 

%he : Pr&CU'annb^y ^ ano GFRahtibody: The band seen at approjomata '. 
^ 50 ^a'in 'each lane With anti^GFP represents nonspecific jmmunor*- 
^activity fit; the above described HEK 293 cell homogenatea (100 r^g) ! 
; - were immuiopreopitated with PKCpii anUbody. and kinase activity of 
Sthe immunocbinpleiei c '? 1 a f 4 .^ WM P er - : : 

^formed erTsianbUrd; conditions in! the presence ( * ) and ab»nce,( T ) r 
!:: bf PKC actiyator in^ioctanbyl-Kiycerol j£)iCS). and cofa<wra Ca : ^and 
$ ■ phbsphatidvlsenne:;Showh:is a representative auto radiograph md**U 

ing Gr^-PKC^inand:: wild-type .PKCpiI>'cpmparably- ; .i^«p.Mf7ta^; 
^ subsiraie hUtone'HlSiv G^sn^ micrographs of HEK • 

^293-cells^transfected -with -1 ^ .of: P BK^NIVrGFP : PKCpir (<op),orv 
^pEGFP^N 1 < 6oif<om ) before ) control ) and aOer 5 min of PMA treatment 

iPM A C VThe Vransfected cells were* stimulated with PMA at 30 
^ to : tktivaie PlCC:iThe redistnbution of GFP PKCflU started within 4 
UniitL and almost 90^r of nuorescerice w a , located at the plasma mem : 
^brahe' afteT -5 minbf stimulatibn^ln contrast; there was no change « f the 



- 

^ ^ Fic "i: ^"Confocal" microscopy of the time : dependentV GFP v 
PkCpII redistribution in response to G protei Decoupled i ^«P- 
tor act iv.tion: HEK 293 cells were tran sfected with lug of pBK-t M Vr 
; GFP PKC0II as well as 10 ^g of bne.of Lhe following G protein-coupled, 
k^ep^cbhstrucu: AT^R," ET A rt 3^ or D*. All cells, we^s.ua^^ 
C iied at '30yc -with-i confoca^ raicroscope. Before receptor acti> auon . 
V (c6ntrbi>. GFP-PKC0II was evehiyldistributed in the .cytopUsm/^y^n;, 
-cells: transfected^witK" AT^Rs or.ET A Rs were ^imulated ^^^J 1 

,'apond^g re«ptbr ^ k v1^1«.A ^ 

,:tKelin t B);GFP,PKCpH underwent a.trans.^ 

the :c>no>^ ? 9 -iP Zap ■ fri V 

:?mobiIitatibn:was v bbserved in- cells .transfected; with either % 
< Vtimurated WitK 10^M isoproterenol on,P,R.ii)» stimulated w,th .10 mM : : 

dbpaxnihe>Also indicated inithe. micrographs are the time points foI v 
7 lowing agonist^ stimulation for each receptor. The experiments ; were , 
I . performed independently' on three different occasions; and mch lijne 
K 3-5 celU frbm^independent.stimVla^ , 

: All of the micrographs are .representative of more than .0^. of ^he ^ cells ^ 

.{ obse'rywi ? Bar^l ty™'-^ - ^ ^ k ; V ^ ■ '" ''.} ;=' ■■. ^ \ .V^i f 
KartiVatiotibftheAT^ 

i • *me m bra^ preexposed to ahgiotensi n II. .The, time pro-, 

v able from^ PNI^in redistributibn in £eHs untreated C 

- witfi receptor agonist. Similar results were bbuined when cells 

- were : trknifected with GF^PKC^U and ET^R and pretreated 

^Wittfe^ 

gest that the transient hature of PKC. traflicki^. in resrx>nse to 
•^-G a^pled ; receptor activation is ; a . direct consequence of the 
rapid des^nsitiza"tion : of receptor signal jng". at > a step, prior to ; 

^'PKC^tfanslocation.';;^,- ■ v" ..v^''"' 'V^jV lh 
; m^Cms£iolk>o(.G^ Receptor, Signaling Regaled t>y : 



^withY^oTp^ 

'iwith 100 n-M PMA iPMAl at*37;C,.The.«Us were r^ a ?fj > *?. ,n ^S^^ 
i wild-type PKCOH as described under ^Experimental Procedure^ |u;^ 
> rvri^n^were:,Dc independently; on ( ^lO,cells ; »n J™:%£.^ t 
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' Fic.,4 - Effects : of -angiotensin;* ; II^^,u ,kr:.; • 
■.< ; 1^//>;:endothelin (ED, and' iPMA-'on*^^^ 
'..\:'tb«" redistribution. 6f 'Gf P : PKCj}U ;inj^^; . . 
jWceUepre^rpoaed to angiotensin II o r;:|^|^| v ' : ;.|l: 
A : iV e ndothelin. HEK'293 ce lis were 'eoir^ni-J&fi^ii ■ 
./"' ^fectedKwithi'l 'Zfci o(-' pBK-CW^?-^^ ; 

: . ■ PKC0II and" 10;>g of- pcDNA; , Vamp^V-^^; ' 
- ;: -ATvi*R 'and' stimulate 
.. -anpotensi n i U iA and B ); or c^raMf«t^^?-.^ r. '' 
wiih.l>g of pBK^CMV:GFP,PKC3ll and^i'^%' ':. 
I0>g of pcDNA;I/CT- A 'R;'arid'.»^muUted^^ 
with 0' 1 ■ txM endoth'elin < and/D) to|inKf^|^ . . 
■'. ■ V duce< GFP-PKG(3II ;' i^nsient^U^ff^ng^^g^i -v 

. " : be twee n t he ! cyto p I as m an d plas m a me in v^ t - ; 
■ br an e; .; 1 0 mi ri afte rl'the, fi rs t so mu ) a tidri . 
',; [■ ■^'the.^cells; were 1 rwtimulatedtwith^add^ 
V:- i tional A 5^m : angiotensin II (A ^ 0-5^'m«^t-C;^ :; - 
; T : endothelin (O. or l ^ PMX <B;and £>>. > ' = ■ 
>■ Indicated in the m icrogr aphs' are the' tiro e ; 
points following the first agonist '.-stiinula-s >s 
; ttoni Alf cells were visualized; at 30;"*C by^'i^ 
': : confbcal-. micrpscope:^ Th'e : V experimenttM^ 
v, were performed independently ;on three 
' : ', Afferent ! ''occasions rand 1 ; e ach t ime> ^5 j 
'-A ^;Us:;*from ■ independent •'stimulation";;by';.%^ 
. e ach drug we re recorded . The con foe a ] miyd i 
crographi . are; representativ*e'V^of J more - 
than \10% of the' cells ^observed*; Bar. '< ■ 
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same G^oi-mwliated si^alinjf pathway, in ^^w 
: ; phospho}ipai«;;C0 and: results in the hydrolysis : of phospho- 
: / . ^ inositol lipid to generate IP^ahd DAGrthe fatten serving as a ; 
. second; messenger :'\f or, activation^ study, the; 

rapid :'receptor r des€nsiti action as ■ well as -the relationihip be- 
tween signaling pathwavs of ; different receptors; 5 AT and. 
'■^ETxR V >ere :couansf#e"d; 293 
; cells, arid the effect of their ^ p^tentiaL OTSS-talk on .'the traffick- 
ing of GFP-PKC^II was: : exam iried and visualized' by confocal 
microscopy clh ^ the cells; were prestimu- 

. ■ lated \witK . angiotensin II t.ol'activate the AT 1A R andr induce 
-\. PKC responses As. d^cribed:abover,th^ 
>,^rafficluh^ yks transient ; : ^d ; G to. the 

^. toplasm within rmin foUowihg i^mem1Srane.b ; aittslo<ati^ 
•p^No : ' 'seconci^ ■observed;: in the 

' : continuous presence of agonist ,for as long as 30 mim However, 
; : ^ ^ sutee<iuently^ added tp . the! . angiotensin 

; ^:^PKC^iii : trMslo^^o^ t " ne 
--^^!p^ofi!e^a^d , extent? of ;Wnjchiwere5inbUsUn^s^ the 

; :^>^rst;p<aV(^l%a)?^ 

■ - • - v 'response;; bpt Wtivating JG^^wHicH-; increases. vtheV activity .ofi 
; pKospKoUp^ to 'mobilize PKC in k 

': -cells) prestimuiated th^T^R'Ag^ that ■ 

[ * ^the ^ctiyation b^AjuK ^^f^^ nii ^ =9^- ^^^^ sig *5 
. •; '-^'naling. pa^ways^ thi; desensitiza|:ion occurred at-jj 

{-vS^e, level" of Ae/'AT'^^ece^ reaiilta, 
• ' l&ilso dern^ hot C° Dr ; 

; ; ^tribute; to' the desensi ti ration ' of the .ETxR-';.. 1 > <\ . : ■ - ! ^ 
. : :;-^hTov i^He^-inviBsU^ of ^ ^R' activation _ on^ 

i|^^iA^?^^^&» * e 'reversed the order of introducing agonistfl; 
"^t^ani-^uentially"^ n . ^ 

r ; ^ie f celis ! !cotr^ ooth receptors;: Surprisingly; when 

; V||fth^ t^endothelin for 5 n^n/ no additional: 

^■:^ak:^p^^ 

" ■ f ; f^armicrosco^ in! response to a subsequent stirnulatibc with 
"^-•^ -this reiultindicates that in contrast to 



5 the into ETa? desertsitization in HEK 

: r 293 celis/ the activation qi\ ET A Rs indeed led to the heterolo; 
r goui desensi tization of the AT^R in the same cells, possibly; ; 
^ mediated b^U^activati6n;of PKC; and subsequent phosphov, - s . 

* rylation ;orthe^ecbptor. PKG This ^ cohsistentr with^the^ - ;: 
^^obseryaUon ',tKot; inhiibition>of. activatiba. of : ;PKG ; bv^.S^ ^^.^\ 
•^stauros^irne^a -potent; pfptei itf kinase , inhibi to r\ resu 1 Uc] in^:^ : ; 

42% lose "of to taf agonis^ \ 
1 JaT^R but had; no.; effect: on ■ that of the^ ET A R (16, 36K The 
;;' : »peafiatv,ofVne';h desensi tization; was further, as-. ^. 

• ; .s^ssed'by ex^ activation of another -second v 

:/::mess^n^ 

* kinase (PKAKon'/AT^R^ignalmfr in : ceH^cotransfected withr .. 
If the jS^A^ *ltri cl \A X { A R ( Fig.- 5C 1. The activation of the P^AR by 
■ 'i isoproterenol is easily detectable by " measuring the*, membrane : ; 
> translocation bfa ^arrestin 2/GFV conjugate, (26) ah d^s know n ■ 
: io stimulate G.a^which eyentually leads to the accumulation of.;,.; 
W'cydic^iP/and'ac^ 

■v'of^PaAR oy isoproterehof did not ]h aye; a visible ; e (Tec v: on .the, ;^ ^ 
:^ : to^buti6nj^GF 
i 'cells to jsopro&enol did;)ioi'Rreven :; 
^tnoution of^ FF^PKC^ 
/membrane trigg^ 
??]n'dicatmgthat;acti^ 

> V :: rogbus' desensi t izat ion ^of ; the' ; AT lA R:' s; j ;' : ; ^ ^; ^ ^ .V ■ 

>' f ? ' ^f^0:$- Vli ' : 

In the^ present woi& 
P green fluorescent protein conjugated PKXpii.h^ 
: ^zationYm> 
^Kthe^^lasm^membr^ 
, : l5vvTiereas ; :stin^ 

! : ipersisUnt localization of PKC W the plasma membrane; our 
Sresults reyeal a dynamic -nature of PKC/311 trafficking:, between^, 
lithe cytopiasWand plasma! roembfane in. response tq phy?'^?^.;" 1 : 
peal' si^ls such" as^ 

^tors' PKCflir responds sele^uyely =ohl y >q>pecific sigrVals: that ■ 



il*vv.;.'s.'5r-5»«L 



s V i n.w i»':i ir » »m '<«^'{aSKSdi3SOT 

Jubi^«nt : st.mulation>f AT„R. by anpoW^.r. II. "\ K n fi^^^yT«coWd stimulation w.th 0.5 jM anpo ? M H • TO. » £ ^ «J . : - 

i-t: vation^f G^^oupl^ireceptprsyis.ra-pd and transient and » : ^^"""^^pKCptl.to PMAi Therefore. altl>oufh . : 

" Within minutes, indicating^ 'desensitiiatwn. of S1 ^ almg i otein s , 0 ur data demonstrate, ^ ^ 

^pathW^^^ "t. 



•■'"v. 



ft 



vating G q d-coupled wtiypB^AMAM^mj^^ 
i G,o- and Gio-coupled >ecip»rt;,TO W^^lg-^,^ 

^V^an^hbsphoH^^ signals activating ^ 
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biochemical studies indicating that DAG is one of the plasma . 
X; membrane stimuli for PKC and that" the interaction between 

- DAG and PKC is rapid and reversible (1, 34). - ; % :XL: ['.''■• 

However, it ' is somewhat: unexpected that only 'one rapid 
'•v- cycle of PKC translocation from the cytoplasm to plasma mem- 

> brarie and back was 6bseryed;although receptor agonists, were; 

• v . present continuously. This lack of further PKC responsiveness 

is probably the result of a rapid desensitization of the agohist- 
mediated signaling pathway upstream of PKC, since PKC itself ; 
.still retains the ability to respond normally when subsequently 
exposed to. PNLV In addition, sequential stimulation of , the 
, .vAT 1A R and then, the ETaR with their corf esponding agonists 1 
. induced consecutive transient cycles of PKC translocation, one., 
after each stimulation. As the AT lA R and ET A Rs presumably 
;> share the same signaling components downstream of the re- 
• ceptprs: this suggests that the desensitization of AT 1A R signaJ- 

- ing occur at the level of the receptor itself. More interestingly, 
although activation of the AT 1A R does not affect the activity of 

■ ; the ET A R; activatiorv of the ET A R not only shuts off its own 

- signaling but also causes the desensitization of the AT^R, 
, . indicating ajfTerential regulation of the two receptors. 

The rapid desensitization of G protein-coupled receptors is 
achieved mainly through, phosphory lation of the receptors by 
" two; classes of serine/threonine protein kinases: the second 
messenger activated protein kinases, PKA and PKC; and the G 
protein-coupled receptor kinases that specifically phosphory]- 
; ' ate agonist-activated receptors (15 j. Although the role of PKC , 
i-, in regulating AT lA R desensitization in different tissues is still 
: variable depending on experimental conditions, recently it was 
reported; that the AT lA R was phosphorylated by both 0 pro- 
tein-coupled receptor kinases and PKC in response to abort 
. . .term angiotensin II stimulation in HEK 293; a cell line widely. ; 
used in the study of receptor desensitization (16). In contrast, 
in the same ceH line," the ET A R was mainly phosphorylated by 
G protein-coupled receptor kinases but not by activated PKC in 
'response to agonist (36). These studies suggest that while both - 
- receptors serve as substrates, for .G protein-coupled receptor 
kinases. ; only the AT^R ( but not ET A R) has the unique bio- 
chemical property to undergo agonist-dependent phosphbryla- 
X tion by PKC. The homologous desensitization of both receptors ; 

> probably involves G protein^coup|ed receptor kinase or possibly 
. PKC in the case' of the AT 1A R; However, our results suggest 
/that cross -talkV( i.e. ; heterologous desensitization) between the : 

twb rece ptors is raai n ly media ted by; PKC and the distinct ; 
ability to be phosphorylated by PKt might;' underlie the ob- -. 
; • served differential desensitization properties of the two recep- 

• h ; tors: For instance, the inability of the ET A R to be phosphoryl- 

ated by PKC : might account ; for : its lack .of heterologous 
desensitization by activation of the AT^R. In addition, despite 
. the finding that the, AT lA R was phosphorylated by PKA in 
■ intact aortic vascular smooth muscle cells (PLASM) [37); we: 
: demonstrate that activation of PKA by stimulating the 0jAR 

• .does f nbt lead to | desensitization of the AT^R, consistent with ; / 
; . the lack of PKA phospHdry latibn of the AT^R found in HEK 
■■:J293 cehsUo).; ; \."-\;.\ \ ='..■;'. ; 

":'/ A large variety of signaling pathways are known to culmi- 
nate in, the activation of PKC. including those mediated by G q a 

, protein-coupled receptors i 1. 34). The numbers of such recep- 
tors are expected to expand rapidly with the progress of 
genomic sequencing and challenge the conventional biochemi- 
cal measurements . that assess j individual receptor-specific 
/ properties for defining their corresponding ligands, detecting 

V signaling activation and measuring change of second mcssen- 

:! ger levels. In this study, by combining the inherent fluores- 
cence of GFP wich the translocation property of PKC, we have 
developed a potential live cell biosensor that may provide sim- 



ple, sensitive; and rapid assessment of the involvement of PKC X 
. activation in ; the signaling, pathways, of these receptors. In : ' ^ 

addition, since GFP : PKC > redistribution can serve as a sensi-. '-.,•'< 
; tive indicator for receptor activation, it may-provide a'simple' -■■-' > " 
^ and universal tool for screening new: ligands for/ receptors cou- ; '. 

pled to PKC as well as, for associating newly discovered recep-/ j;f) 
\ tors with, their cognate ligands and - physiological functions^ 
; , Moreover, by; f monitoring inhibition of PKC translocation, it 1 V 

may be potentially also applicable to the identification of the x 

• inhibitors of PKC itself as well as inhibitors that block the -.i.X 
: signaling components leading to activation of PKC In ithe case ' f ; : ., 
. of . GPCRs, GFP-PKC translocation;. has been shown in this "J:,v 
/ study to be a specific measure of G q a -cou pled receptor activa- * : ? 

,; ; tion; The transitory nature of the translocation ■-makw*'GFP?'^-^ 
\ PKC a useful tool for studying G q a-coupled receptor' desens i t i - ./ • ; ;• 

zation. Compared with detecting Ca? * signals, measuring PKC • r 
. trafficking represents a more direct and .accurate assessment of 
: the properties of the plasma membrane receptors without cqn^^XX 

cerhs from the permeability, solubility; a^ 

tion of Ca 2 V indicatbrs;and interference from plasma mem- \'~r<; 
brane and intracellular Ca 2 r channels (e.g. the IFYreceptor) (7, /^ 

18, 38): Furthermore, with the discovery :of numerous novel Gv^iJ^ 
protein^oupled receptors by genomic: sequencuig, GFP-PKC ^ ; / 
should also be extremely : useful in quickly identifying those;/;" : ^ 
receptors coupled to G q a and their Ugands and functions. 5 ; ■ ^ 

The visualization of GFP-PKC/3I I dynamic translocation in t^i 
: this study provides a direct real time assessment of the distri- " 
bution of a PKC in live cells in response to changes of intracel- : { 
lular PKC activators triggered :; by physiological stimuli. To ; 
date, 12 members are identified: as belonging to the PKC su- i 

* perfainily. associ ated with a wide van ety of cellular s ignaling 

. events, such as mitbgenesis and tumorigenesis ( 2, 8 ). The use of r : • v. 

■ GFP conjugates as optical" reporters should provide valuable 
information concerning hot only ^ the specific cellular^stribu- f!i^: 

c tion of difTerent PKC isoenzymes but also their dynamic traf- j 
ficking in response to various physioiogical stimuh! , Therefore; ^ 
GFP-PKC conjugates may. represent ideal optical tools, in the :: 
study of specific functions and kinetics of each PKC isoenzyme 
in different: signal ; transduction syste ins: Furthembre,, when >; f> : : 
employed as : a r biosensor. GFP-PKC fusion proteins may also ^ 
provide a unique and sensitive means for studying the. kinetics : V- s 
and components / of signal, transduction pathways^ in - which 

. PKCs are involved: > ■- '-.^X'- ?i ' : .&7>$i . •; \ : -;■ V\y- 
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Abstract: 



We expressed the gamma-subspecies of protein kinase C (gamma-PKC) fused with green fluorescent 
protein (GFP) in various cell lines and observed the movement of this fusion protein in living cells 
under a confocal laser scanning fluorescent microscope. gamma-PKC-GFP fusion protein had 
enzymological properties very similar to that of native gamma-PKC. The fluorescence of 
gamma-PKC-GFP was observed throughout the cytoplasm in transiently transfected COS-7 cells. 
Stimulation by an active phorbol ester (12-O-tetradecanoylphorbol 13-acetate [TPA]) but not by an inactive 
phorbol ester (4 alpha-phorbol 12, 13-didecanoate) induced a significant translocation of 
gamma-PKC-GFP from cytoplasm to the plasma membrane, A23187, a Ca2+ ionophore, induced a more 
rapid translocation of gamma-PKC-GFP than TPA. The A23187-induced translocation was abolished by 
elimination of extracellular and intracellular Ca2+., TPA-induced translocation of gamma-PKC-GFP was 
undirected, while Ca2+ ionophore-induced translocation was reversible; that is, gamma-PKC-GFP 
translocated to the membrane returned to the cytosol and finally accumulated as patchy dots on the plasma 
membrane. To investigate the significance of CI and C2 domains of gamma-PKC in translocation, we 
expressed mutant gamma-PKC-GFP fusion protein in which the two cysteine rich regions in the CI 
region were disrupted (designated as BS 238) or the C2 region was deleted (BS 239). BS 238 mutant was 
translocated by Ca2+ ionophore but not by TPA. In contrast, BS 239 mutant was translocated by TPA but 
not by Ca2+ ionophore, To examine the translocation of gamma-PKC-GFP under physiological 
conditions, we expressed it in NG-108 cells, N-methyl-D-aspartate (NMDA) receptor-transfected COS-7 
cells, or CHO cells expressing metabotropic glutamate receptor 1 (CHO/mGluRl cells). In NG-108 
cells,K+ depolarization induced rapid translocation of gamma-PKC-GFP,, In NMDA receptor-trans fecte 
COS-7 cells, application of NMDA plus glycine also translocated gamma-PKC-GFP. f Furthermore, rapi 
translocation and sequential retranslocation of gamma-PKC-GFP were observed in CHO/mGluRl cells ■ 
stimulation with the receptor, Neither cytochalasin D nor colchicine affected the translocation of 
gamma-PKC-GFP, indicating that translocation of gamma-PKC was independent of actin and microtut 
gamma-PKC-GFP fusion protein is a useful tool for investigating the molecular mechanism of 
gamma-PKC translocation and the role of gamma-PKC in the central nervous system. 



